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Research Overview of the University of Michigan--Shanghai Jiao Tong 

University Joint Institute 

UM-SJTU Joint Institute was founded in 2006 as the strategic global partnership between two top 

universities in the U.S. and China, i.e., the University of Michigan and Shanghai Jiao Tong University. 

The goal of this partnership is to build a world-class institute in China for nurturing future leaders with 

global visions. Over a short period of 10 years, the Joint Institute has grown to become a top institute 

with great academic impact and international reputation. It has won many awards for higher education 

innovation, including the Model of International Education in Shanghai, the Model of China's Higher 

Education, and the prestigious Andrew Heiskell Award.  

Research is at the core of the Joint Institute’s development. JI currently has 28 tenured and tenure-track 

faculty members, who come from world-class universities and research institutes, and 6 faculty members 

have got tenure appointment. Their research are in 3 disciplines, including 14 faculty are in Mechanical 

Engineering(ME), 11 faculty are in Electrical and Computer Engineering(ECE) and 3 faculty are in 

Materials Science Engineering(MSE), covering the frontier subjects, such as design and manufacturing, 

dynamics and vibrations, energy and power systems, mechatronics and control, thermo/fluid dynamics 

under ME area, communication and networking, micro/nano/bio devices, optics and optoelectronics, 

biomedical technology under ECE area, structure materials, polymer and material fracturing, advanced 

energy and electronic materials design under MSE area. There are 3 research centers, i.e., Center of 

Optics and Optoelectronics (COO), Center of Advanced Computational Engineering and Science 

(CACES), Center of Interconnected System (under construction) and 25 laboratories on SJTU Minhang 

campus. 

Over the past few years, JI has undertaken a lot of research projects sponsored by NSFC, MOST, State 

Key Labs, Shanghai Governments, SJTU, companies, etc., and achieved lots of R&D achievements. JI 

also has built broad cooperation relationship with domestic and international universities, research 

institutes and companies. In 2016, JI boasted 39 funded projects, reaching a total research funding of 
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16.86 million RMB. The arrived funding in 2016 is 18.46 million RMB, including government funding 

15.64 million RMB and industry funding 2.82 million RMB.  

JI has 45 projects sponsored by Natural Science Foundation of China, including 20 General Fund 

projects, 15 Young Scientist Fund projects, 1 Major Research Plan Fostering Fund project, 7 

International Young Scientist Fund projects, 1 NSFC International Cooperation Fund project and 1 

NSFC Directors’ Research Fund project. In 2016, 7 projects were sponsored by NSFC, the total NSFC 

funding is 3.28 million RMB. 

In 2016, 177 papers had been published, including 112 journal papers and 65 conference papers. 124 

papers were indexed by SCI and 112 papers were indexed by EI. 56 papers were jointly published with 

international co-authors. As for patent application, there have been 14 patent applications, and 9 granted 

patents. 

In 2016, Prof. Pradeep Ray was awarded Shanghai 1000 Talent Plan "Distinguished Professor". Prof. 

David Hung was appointed as associate editor of ASME Journal of Engineering for Gas Turbines and 

Power. Prof. Wenjie Wan’s research project was funded by National Key Research and Development 

Program of MOST.  
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2016 Research Projects and Funding

I.  2016 Research Projects Funded by Natural Science Foundation of China 

No. Grant No. 
Subject 

Code 
Project Title 

Program 

Category 

Applicant 

Name 

Direct Cost 

(RMB) 
Duration 

1 51602196 E021001 

High-throughput computational 

materials design for layered ternary 

compounds with “phonon 

glass-electron crystal” features 

Young 

Scientists 
Hong Zhu 200,000 

2017.1 - 

2019.12 

2 51605284 E050302 

Self-sensing and health monitoring 

of piezoelectric composite 

structures using liquid metal 

electrodes 

Young 

Scientists 

Yanfeng 

Shen 
200,000 

2017.1 - 

2019.12 

3 51650110493 E0605 

Investigating cycle-to-cycle 

variation of fuel spray momentum 

flux 

International 

Young 

Scientist 

Teh Kwee 

Yan 
340,000 

2017.1 - 

2018.12 

4 11674228 A040409 

Self-referenced optical comb and 

low-noise microwave generation in 

microcavities 

General 

Program 
Wenjie Wan 700,000 

2017.1 - 

2020.12 

5 51676121 E060301 

First-principles investigation of 

electron-phonon coupling and 

non-equilibrium conduction 

General 

Program 
Hua Bao 600,000 

2017.1 - 

2020.12 

6 61673264 F030111 

Quantum system identification and 

parameter estimation with their 

applications 

General 

Program 
Jun Zhang 640,000 

2017.1 - 

2020.12 

7 11611130099 A020401 

Lagrangian turbulence: numerical 

studies and marine experimental 

applications 

International 

Cooperation 
Lipo Wang 150,000 

2016.1 - 

2018.12 

Total 2,830,000 

II. 2016 Government and University Fund

 National Key Research and Development Program Funded by MOST

1) "Quantum Control and Quantum Information" Key Special, "Non-hermitian optics in high-q

microcavities", PI: Wenjie Wan, No: 2016YFA0302500, 4,980,000 RMB, July 2016-June 2021. 

 Top-notch Foreign Specialist Program Funded by State Administration of Foreign Experts

Affairs

1) Professor Mesli Abdel-Madjid from CNRS of France, Year 2016, 75,000 RMB.

 China Postdoctoral Science Foundation (MOE)

1) Huimin Wen, "Single-atom boron doping in silicon by self-assembled macromolecular

monolayer ", China Postdoctoral Science Foundation General Project, 50,000 RMB. 
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 Projects Funded by Science and Technology Commission of Shanghai Municipality (STCSM)

1) Natural Science Foundation of Shanghai, "Optimized power distribution in megahertz

multiple-receiver wireless power transfer systems", PI: Chengbin Ma, No: 16ZR1416300, 200,000 

RMB, Jan. 2016-Dec. 2018. 

2) Shanghai Young Science and Technology Talents Sailing Program, "Improving the

microstructure, optical and electronic properties for perovskite solar cell materials fabricated by 

spray coating ", PI: Qianli Chen, No: 16YF1406200, 200,000 RMB, June 2016- May 2019. 

3) Shanghai Young Science and Technology Talents Sailing Program, "Hybrid perovskite design

based on high-throughput calculations for photovoltaic applications", PI: Hong Zhu, No: 

16YF1406000, 200,000 RMB, June 2016- May 2019. 

4) Shanghai "Scientific Innovation Program" Major Basic Research Program, "Photon chips and

quantum computing by femtosecond laser direct writing", Co-PI: Yaping Dan, 480,000 RMB, July 

2016- June 2019 

 Projects Funded by Research Fund of Shanghai Jiao Tong University

 Research Incentive Program of Recruited Overseas Non-Chinese Foreign Faculty

1) "Investigating cycle-to-cycle variation of fuel spray momentum flux", PI: Teh Kwee Yan,

200,000 RMB, Jan. 2016-Dec. 2016. 

2) "Development and fabrication of efficient perovskite solar cells by novel scalable techniques",

PI: Morteza Eslamian, 600,000 RMB, Jan. 2016-Dec. 2018. 

3) "Characterization of stress field in brittle material by advance multi-scale fractographic

analysis", PI: Roberto Dugnani, 789,000 RMB, Jan. 2016-Dec. 2019. 

4) "3D reconfigurable surfacing shaping system for composite material manufacturing", PI:

Shane Johnson, 800,000 RMB, Jan. 2016-Dec. 2019. 

 SJTU Medicine/Engineering Cross-Discipline Research Funding Program

1) "Study of the change of microcirculation by photoacoustic imaging during the treatment of

sepsis by mesenchymal stem cells", Co-PI: Sungliang Chen, 70,000 RMB, Jan. 2016-Dec. 2018. 

2) "Research on new type of optical fiber sensing technique applied to a second screening ",

Co-PI: Tian Yang, 80,000 RMB, Jan. 2017-Dec. 2019. 

3) "Research on the development of the pathology and bio-mechanical mechanism for foot and

ankle joint inversion for osteoarthritis patients", Co-PI: Shane Johnson, 95,000 RMB, Jan. 2017-Dec. 

2019. 

 SJTU Inviting Foreign Specialist Fund

1) "Surface plasma antenna enhanced bipolar phototransistors based on single germanium

nanowires", PI: Yaping Dan, Invited Specialist: Johnson Alan T. Charlie, Professor of University of 

Pennsylvania.. 
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 Key Laboratory Open Project

1) State Key Laboratory of Precision Spectroscopy (East China Normal University), " Theoretical

analysis and experimental implementation for precise metrology by using quantum control", PI: Jun 

Zhang, 75,000 RMB, Oct. 2016-Dec. 2017.   

2) Key Laboratory of Infrared Imaging Materials and Detectors CAS, " Plasmon-enhanced

graphene mid-infrared photodetectors", PI: Yaping Dan, 100,000 RMB, Jan. 2017-Dec. 2018. 

III. 2016 Industry Research Fund

No. PI Project Title Source 
Funding 

(RMB) 
Duration 

1 
Chengbin 

Ma 

Battery and ultra capacitor hybrid energy 

system of vehicle by simulation and 

experimental validation 

Nippon Chemi-con, Japan 65,069 
2016.4- 

2017.3 

2 
Chengbin 

Ma 

A high-efficiency and low-noise megahertz 

rectifier 

Intel Asia-Pacific Research & 

Development Ltd 
10,000 

2016.1- 

2016.12 

3 
Tian 

Yang 

Development on self-organizing 

nanostructures fabrication for the 

improvement of organic optoelectronic 

devices 

Korea Institute Of Industrial 

Technology 
146,087 

2016.1- 

2016.12 

4 
David 

Hung 

Spray impingement characterization of delphi 

fuel injectors for sidi engines 
General Motors Corporation 626,574 

2014.1- 

2015.12 

5 Hua Bao 
Thermoelectric cooling applied to generator 

circuit breaker 

Alstom Grid Technology Center 

Co. Ltd 
450,000 

2016.5- 

2018.4 

6 Mian Li Manufacture data feedback for product design Siemens Ltd. China 250,000 
2016.8- 

2016.9 

7 
Qianli 

Chen 

Graphene/PEDOT:PSS nanocomposite 

transparent conductive thin films based on 

polarizers 

Shenzheng Shenbo 

Photoelectric Technology Co. , Ltd 
300,000 

2016.1- 

2018.3 

8 
Yanfeng 

Shen 

Research and development of simulation 

software for elastic wave phased array 

imaging 

Nanjing University Of Aeronautics 

And Astronautics 
100,000 

2016.9- 

2016.9 

9 
David 

Hung 

Spray impingement characterization of delphi 

fuel injectors in chamber and flow field 

investigation in SIDI optical engine 

General Motors Corporation 676,470 
2016.1- 

2016.12 

10 
Xudong 

Wang 

Research on mesh networking architecture 

and dynamic routing mechanism for ultra 

dense networks 

Hua Wei Tech Co. ,Ltd 370,000 
2017. 1- 

2017.12 

11 
Xudong 

Wang 

Research on key technologies of 

informatization and security strategies for 

internet plus power system reform 

State Grid Shanghai Municipal 

Electric Power Company 
450,000 

2016.9- 

2017.6 

Total 3,444,200 
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2016 Patent Application, Disclosure, and Grant 

I.  Applied Patents 

No. Patent Name Application Code Inventor 

1 One type of separable endoscope 2016100237660 Jigang Wu, Jie Wang 

2 
Device and Method for Mesuring Metetasal Stiffness and 

movement Range 
201610152357.0 ShaneJohnson, Liping Kang 

3 Size Adjustable Bottle Sleeve with Phase Change material 201610397742.1 ShaneJohnson, Liping Kang 

4 
A modular flexible manipulator system with high 

redundancy and multiple degrees of freedom 
201610227400.5 

Kai Xu, Xiangyang Zhu, Zhixiong 

Yang, Huan Liu, Zhijun Zhu, 

Liangliang Han 

5 
A modular flexible manipulator system with high 

redundancy and multiple degrees of freedom 
201610226875.2 

Kai Xu, Xiangyang Zhu, Zhixiong 

Yang, Huan Liu, Zhijun Zhu, Yuyang 

Chen, Bo Liang, Bin Zhao 

6 
Thermal Insolation device assembly with Phase Change 

material 
201610397734.7 ShaneJohnson, Liping Kang 

7 
A fiber optic sensor and its application method for acoustic 

detection 
2016105507007 Tian Yang, Xin Zhou 

8 Continuous Elastic Stiffness Tunable device 201610785460.9 Shane Johnson, Liping Kang 

9 
Metallic micro-nano structure and optical fiber with 

metallic micro-nano structure 
2016107544231 Tian Yang, Zeyu Lei 

10 
Multilayer in-line holographic microscope system and 

imaging method with pixel super-resolution algorithm 
201610787259.4 

Jigang Wu, Minjun Wang, Zhaodong 

Feng, Xunjie Cai 

11 Development of a tunable stiffness orthosis for human foot 201611257621.3 Shane Johnson, Liping Kang 

12 Size Adjustable Bottle Sleeve with Phase Change material 201620545770.9 Shane Johnson, Liping Kang 

13 
Thermal Insolation device assembly with Phase Change 

material 
201620545766.2 Shane Johnson, Liping Kang 

14 

Highly sensitive nanoscale phototransistor, its fabrication 

process and the application as optical communication 

device and multispectral device 

PCT/CN2016/073655 
Yaping Dan, Xingyan Zhao, Ang, 

Wang 

II. Granted Patents

No. Patent Name Application Code Inventor 

1 One type of endoscope 2014100585335 Jigang Wu, Ziwei Pang 
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2 Vision unit for single port laparoscopy 2013105223459 

Kai Xu, Jiangran Zhao, Minxiao Fu, 

Xidian Zheng, Zhengcheng Dai, Bo 

Feng, Minhua Zheng 

3 A surgical robot for single port laparoscopy 2014102063791 

Kai Xu, Jiangran Zhao, Minxiao Fu, 

Zhixiong Yang, Zhengcheng Dai, 

Wukun Mei 

4 Distributed power point tracking for grid-tied PV cells 201410369818.0 Xudong Wang, Yibo Pi 

5 
A fabrication method for collimated LED light beams based 

on vertically standing nanowires 
201410110773.5 Yaping Dan 

6 
One type of compressive sensing based wide field-of-view 

microscopic imaging system and method 
2014107535182 Jigang Wu, Jie Wang 

7 
A single-actuator prosthetic hand using continuum 

differential mechanism 
2015102461030 

Kai Xu, Xiangyang Zhu, Huanliu, 

Yuheng Du, Zenghui Liu, Xinjun 

Sheng 

8 
Integration between label-free optical sensor on fiber end 

facet and micro-fluidics 
2013101828503 Tian Yang, Xiaolong He, Xudong Fan 

9 Novel structure design for surface drag deduction 201310315347.0 Lipo Wang, Qiang Zhang 
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2016 Published Journal Papers 

Mechanical Engineering 

[1] Cheng Shao and Hua Bao, "Thermal transport in bismuth telluride quintuple layer: mode-resolved 

phonon properties and substrate effects", Sci. Rep., 6, 27492, 2016. ········································P23 

[2] Zhen Tong, Ming Liu, and Hua Bao, "A numerical investigation on the heat conduction in high 

filler loading particulate composites", Int. J. Heat Mass Transfer, 100, 355-361, 2016. ··············P24 

[3] A.K. Vallabhaneni, D. Singh, H. Bao, J.Y. Murthy, and X.L. Ruan, "Reliability of Raman 

measurements of thermal conductivity of single-layer graphene due to selective electron-phonon 

coupling：A first-principles study", Phys. Rev. B, 93, 125432, 2016. ········································P25 

[4] Han Xie, Tao Ouyang, Éric Germaneau, Guangzhao Qin, Ming Hu and Hua Bao, "Large tunability 

of lattice thermal conductivity of monolayer silicene via mechanical strain", Phys. Rev. B, 93, 

075404, 2016. ··················································································································P26 

[5] Saeid Zahiri, Cheng Shao, Yongxing Shen, Hua Bao, "Collocation meshfree method to solve the 

gray phonon boltzmann transport equation", Numerical Heat Transfer, Part B: Fundamentals, 70, 

459–471.2016. ·················································································································P27 

[6] Hua Bao and Xiulin Ruan,"Absorption spectra and electron-vibration coupling of Ti:Sapphire from 

first principles", ASME J. Heat Transfer, 138, 042702, 2016. ················································P28 

[7] Tong Zhen, Liu Meng, Bao Hua, "Unit cell finite element analysis on high filler loading 

composites", Journal of Engineering Thermophysics, vol. 37 No. 3 pp. 633-636, 2016. 

(Chinese) ·························································································································P29 

[8] Han, SL, Bauchau, OA, "On saint-venant's problem for helicoidal beams", Journal of Applied 

Mechanics-transactions of the ASME, Vol. 83 No. 2, 2016. ····················································P30 

[9] Han, SL,Bauchau, OA , "On the analysis of thin-walled beams based on Hamiltonian formalism", 

Computers & Structures, vol. 170 pp. 37-48, 2016. ·······························································P31 

[10] Han, SL,Bauchau, OA, "Manipulation of motion via dual entities", Nonlinear Dynamics, vol. 85 

no. 1 pp. 509-524, 2016. ···································································································P32 

[11] Han, SL, Bauchau, OA, "A novel, single-layer model for composite plates using local-global 

approach", European Journal of Mechanics A-Solids, vol .60 pp. 1-16, 2016. ···························P33 

[12] Han, SL, Bauchau, O, "On the analysis of periodically heterogenous beams", Journal of Applied 

Mechanics-Transactions of The ASME, vol. 83 no. 9, 2016. ···················································P34 

[13] Han,S.,, Bauchau,O.A., "Nonlinear three-dimensional beam theory for dynamic 

analysis",  Multibody System Dynamics, 1-28. 2016. ····························································P35 

[14] Wang, GR,Yang, F, Zhao, W, Chen, CP, "On micro-electrokinetic scalar turbulence in 

microfluidics at a low Reynolds number", Lab On A Chip, vol. 16 no. 6 pp. 1030-1038 

2016. ······························································································································P36 
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[15] Chen, X, Khani, E, Chen, CP, "A unified jet fuel surrogate for droplet evaporation and ignition", 

FUEL, vol.182 pp. 284-291, 2016. ······················································································P37 

[16] Dugnani R, Zhuang Y, Kopsaftopoulos F, Chang FK, "Adhesive bond-line degradation detection 

via a cross-correlation electromechanical impedance–based approach", Structural Health 

Monitoring, 15(6) 650–667, 2016. ······················································································P38 

[17] Dugnani R, Zednik R, "Geometric description of fracture surface features in isotropic brittle 

solids", Engineering Fracture Mechanics, vol 165, 87-97, 2016. ············································P39 

[18] Chen Z, Li H, Tian R, Duan H, Guo Y, Chen Y, Zhou J, Zhang C, Dugnani R, Liu H, "Three 

dimensional Graphene aerogels as binder-less, freestanding, elastic and high-performance 

electrodes for lithium-ion batteries", Scientific Reports,6, 27365; doi: 10.1038/srep27365, 

2016. ······························································································································P40 

[19] Zhou J, Li H, Liu W, Dugnani R et al., "A facile method to fabricate polyurethane based graphene 

foams/epoxy/carbon nanotubes composite for electro-active shape memory application", 

Composites Part A: Applied Science and Manufacturing, 91,292-300,2016. ·····························P41 

[20] Zhuang, HY, Hung, DLS, Yang, J, Tian, SX, "Investigation of swirl ratio impact on in-cylinder 

flow in an SIDI optical engine", Journal of Engineering for Gas Turbines and Power, 138.8: 

081505, 2016. ··················································································································P42 

[21] Hanyang Zhuang and David L.S. Hung, "Characterization of the effect of intake air swirl motion 

on time-resolved in-cylinder flow field using quadruple proper orthogonal decomposition", Energy 

Conversion and Management, vol. 108 pages 366–376,2016. ·················································P43 

[22] Shengqi Wu, Min Xu, David L.S. Hung, Tianyun Li, Hujie Pan, "Near-nozzle spray and spray 

collapse characteristics of spark-ignition direct-injection fuel injectors under sub-cooled and 

superheated conditions", FUEL,183, 322–334, 2016. ····························································P44 

[23] Gere Aori, David L. S. Hung, Ming Zhang, Gaoming Zhang, & Tianyun Li, "Effect of nozzle 

configuration on macroscopic spray characteristics of multi-hole fuel injectors under superheated 

conditions", Atomization and Sprays, 26 (5): 439–462, 2016. ·················································P45 

[24] Shengqi Wu, Min Xu, David L. S. Hung, Tianyun Li, Hujie Pan, "Analyzing the cycle-to-cycle 

variations of vapor and liquid phases of evaporating sidi sprays via proper orthogonal 

decomposition technique", SAE International Journal of Engines, 9(1):2016. ···························P46 

[25] Wenjin Qin, Min Xu, David L.S. Hung, "In-cylinder vorticity field using proper orthogonal 

decomposition", Transactions of CSICE, vol. 34, no. 3, pp. 246-252, 2016 (Chinese). ···············P47 

[26] Wenjin Qin, Min Xu, David L.S. Hung, Penghui Ge, "Application of dynamic mode 

decomposition in in-cylinder flow field study", Transactions of CSICE, vol. 34, no. 3, pp. 334-338 

2016. (Chinese) ················································································································P48 

[27] Wu, SQ, Pan, HJ, Xu, M, Hung, DLS, Li, TY, "Investigation of rapid atomization and collapse of 

superheated liquid fuel spray under superheated conditions ", Atomization and Sprays, vol. 26 issue. 

12 pp. 1361-1384, 2016. ····································································································P49 

[28] Zong-Hao Chen, Huang, P.S., "A vision-based method for planar position measurement", 
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Measurement Science and Technology, vol. 27 no. 12 pp. 125018 (9 pp.), 2016. ·······················P50 

[29] Jafari, SS, Rashidi, MM , Johnson, S , "Analytical Approximation of Nonlinear Vibration of 

Euler-Bernoulli Beams", Latin American Journal Of Solids and Structures, vol. 13 no. 7 pp. 

1250-1264 2016. ··············································································································P51 

[30] Rashidi, MM, Johnson, S, Yang, Z, "Theoretical study of moving magnetic beads on an inclined 

plane and its application in the ratchet separation technique", Journal Of Magnetism And Magnetic 

Materials, Vol. 398 pp. 13-19, 2016. ···················································································P52 

[31] Johnson, S, Kang, LP, Akil, HM, "Mechanical behavior of jute hybrid bio-composites", 

Composites Part B-engineering, vol. 91 pp. 83-93, 2016. ······················································P53 

[32] Qaiser, Z ,Qureshi, OM, Johnson, S, Khan, AA, " Thin walled circular beams with sinusoidal 

embedded patterns under axial impacts", Thin-walled Structures, vol. 99 pp. 76-82, 2016. ·········P54 

[33] Liu, X, Li, M , Xu, M, "Kriging assisted on-line torque calculation for brushless dc motors used in 

electric vehicles", International Journal of Automotive Technology , no. 1 pp. 153-164, 2016. ···P55 
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Thermal transport in bismuth 
telluride quintuple layer: mode-
resolved phonon properties and 

Cheng Shao & Hua Bao
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Bismuth telluride as one of the best room temperature thermoelectric materials has attracted significant attention 
recently1–5. The performance of thermoelectric materials is characterized by its figure of merit

σ
κ κ

=
+

ZT S T ,
(1)e l

2

where S, σ , T, κe, and κl are the Seebeck coefficient, electrical conductivity, absolute temperature, electrical ther-
mal conductivity, and lattice thermal conductivity, respectively. One effective approach to enhance ZT is to reduce 
the lattice thermal conductivity of a thermoelectric material1–3. Significant progress has been made in the last 
decade to decrease the lattice thermal conductivity of Bi2Te3-based materials. For example, in nanostructured 
bismuth antimony telluride bulk alloy, a peak ZT of 1.4 can be achieved at 100 °C1. The ZT value of p-type Bi2Te3/
Sb2Te3 superlattice was reported to be as high as 2.4 at room temperature, which is mainly due to the controlled 
transport of phonons and electrons in the superlattices2. Comparing to nanostructured bulk materials, low 
dimensional materials have large surface-to-volume ratios and size effects, which could be utilized to further 
enhance the ZT value6–8. A few quintuple layers (QLs) Bi2Te3 recently attracted great interest on its thermoelec-
tric property due to its quasi-two-dimensional (2D) structure9. For example, Zhang et al. studied the electron 
and phonon transport properties in Bi2Te3 QL and found that the ZT value can be optimized to as high as 2.2 at 
800 K10. Qiu and Ruan investigated the thermal transport in few-QLs Bi2Te3 thin films using molecular dynamics 
(MD) simulations11. They found that the thermal conductivity of Bi2Te3 QL first decreases and then increases with 
the number of QLs, which is attributed to the interplay between Umklapp scattering and boundary scattering11. 
It is also shown that the thermal conductivity of QLs can be reduced by introducing nanopores11. More recently, 
Park et al. calculated the thermal conductivity of Bi2Te3 thin films by solving the Boltzmann transport equation 
under the relaxation time approximation12. They extended the Klemens-Callaway’s model to incorporate the pho-
non scattering process due to the van der Waals force at the interface of adjacent Bi2Te3 QLs and could correctly 
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Particle-filled composite materials have been widely used as thermal interface materials (TIMs) to reduce
the thermal contact resistance. For industrial applications, the particle-filled composite usually has high
volume fraction (>50%). However, most of the research on the thermal properties of particle-filled com-
posites has been focusing on low volume fraction composites. In this work, the finite element method
(FEM) is adopted to investigate the particle-filled composites with high filler loading. We consider the
close-packed simple cubic (SC), face-centered cubic (FCC), and a dual diameter (DD) model with even
a higher volume fraction than the FCC. It is found that with a high volume fraction, small increase in vol-
ume fraction can lead to a strong enhancement in the overall thermal conductivity. With a certain filler
loading and thermal conductivity of the matrix, the effective thermal conductivity first dramatically
increases with the thermal conductivity of the filler and then saturates. We show that the effective med-
ium theory based models cannot properly predict the effective thermal conductivity for the close-packed
structures. The percolation theory based on the resistance network agrees surprisingly well with our sim-
ulation results. Through a careful investigation of the effect of proximity between adjacent particles, it is
found that good contact between particles is crucial to the enhancement of the overall thermal conduc-
tivity. We also considered the interface thermal resistance between fillers and matrix and compared the
simulation results with analytical models. Our analysis provides a better understanding on the heat
transfer in the high volume fraction composite materials and is important for the fabrication of high ther-
mal conductivity TIMs.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

With the increasing power density of electronic device, heat
dissipation has become one of the most critical challenges [1]. TIMs
[2] have been widely used in electronic packaging and cooling sys-
tem to reduce the contact thermal resistance across jointed sur-
faces, such as the contact between microprocessors and heat
sinks [3]. Particle-filled composite materials made of thermal
grease matrix (with typical thermal conductivity of 0.1–0.4 W/
m K [3,4]) and highly conductive ceramic or metallic particles are
the most widely used commercial TIMs, of which the thermal con-
ductivity values are generally in the range of 2–5W/m K [4].
Although there are practical concerns such as thermal stability,
wetting ability, and viscosity, to further increase the effective ther-
mal conductivity of TIMs is still highly desirable to the electronic
packaging industry.

Recent experimental investigations of particle filled TIMs
mainly take two different approaches, i.e., increasing the volume
fraction and mixing different types of fillers together. For example,
Yu et al. [5] reported that the composite of hybrid size alumina fil-
lers with the addition of graphene of 1 wt.% filled in silicone matrix
had an effective thermal conductivity of 3.45W/m K at a filler vol-
ume fraction of 63%. Gao et al. [6] found that the alumina with a
diameter of 75 lm filled silicone matrix composite had an effective
thermal conductivity of 2.25 W/m K at a high volume fraction of
62%. Some commercial TIMs even report thermal conductivity as
high as 17 W/m K [7], although the data have not been verified
by other sources. It can be seen that the reported effective thermal
conductivity of composites with high volume fraction varies signif-
icantly in different studies.

Actually, the effective thermal conductivity of composites is
determined by many factors [8] other than the volume fraction,
such as the particle type and shape, the collective arrangement
of particles, and the interfacial thermal resistance between fillers
and matrix. It is generally difficult to separate the effect of these

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.04.092
0017-9310/� 2016 Elsevier Ltd. All rights reserved.
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Reliability of Raman measurements of thermal conductivity of single-layer graphene
due to selective electron-phonon coupling: A first-principles study
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Raman spectroscopy has been widely used to measure thermal conductivity (κ) of two-dimensional (2D)
materials such as graphene. This method is based on a well-accepted assumption that different phonon
polarizations are in near thermal equilibrium. However, in this paper, we show that, in laser-irradiated single-layer
graphene, different phonon polarizations are in strong nonequilibrium, using predictive simulations based on first
principles density functional perturbation theory and a multitemperature model. We first calculate the electron
cooling rate due to phonon scattering as a function of the electron and phonon temperatures, and the results
clearly illustrate that optical phonons dominate the hot electron relaxation process. We then use these results in
conjunction with the phonon scattering rates computed using perturbation theory to develop a multitemperature
model and resolve the spatial temperature distributions of the energy carriers in graphene under steady-state laser
irradiation. Our results show that electrons, optical phonons, and acoustic phonons are in strong nonequilibrium,
with the flexural acoustic (ZA) phonons showing the largest nonequilibrium to other phonon modes, mainly due
to their weak coupling to other carriers in suspended graphene. Since ZA phonons are the main heat carriers in
graphene, we estimate that neglecting this nonequilibrium leads to underestimation of thermal conductivity in
experiments at room temperature by a factor of 1.35 to 2.6, depending on experimental conditions and assumptions
used. Underestimation is also expected in Raman measurements of other 2D materials when the optical-acoustic
phonon coupling is weak.

DOI: 10.1103/PhysRevB.93.125432

I. INTRODUCTION

Raman spectroscopy [1] is widely used in experiments to
measure various properties of graphene [2] and other two-
dimensional (2D) materials [3] like the number of layers [2,4],
defect concentration [4], optical phonon temperature [5], and
thermal conductivity [6–9]. This process involves coupling
between various energy carriers, including photons, electrons,
and phonons, within the single-layer graphene (SLG) as shown
in Fig. 1. Figure 1(a) shows a schematic of the Raman spec-
troscopy experiments done on suspended graphene. Subse-
quent to laser irradiation, the excited electrons rapidly (within
a few tens of femtoseconds) attain the equilibriumFermi-Dirac
(F-D) distribution corresponding to a high temperature by e-e
scattering [10]. These hot electrons relax by scattering with
the in-plane phonons near the � and K points in the Brillouin
zone (BZ), and the resulting hot phonons subsequently relax
by scatteringwith other phonon groupswith intermediatewave
vector and out-of-plane polarization.
In this paper, we focus only on the thermal conductivity

(κ) measurement of SLG using Raman spectroscopy. The
thermal conductivity of SLG from these measurements varies
from 660−5850WmK−1 [5,6,11,12] . In these experiments,
temperature is measured either by the shift in the Raman peak
frequency [11,12] or by the ratio of intensities of stokes to
antistokes [5]. While the temperature measured in the former

*ruan@purdue.edu

case is associated with intermediate-frequency phonons, in-
cluding both acoustic and optical phonons [13], temperature in
the latter case clearly corresponds to that of the high-frequency
optical phonon [5]. In both cases, the measured temperature
is then assumed to be the equilibrium lattice temperature and
is used to derive κ from the Fourier model. Since all phonon
modes contribute to thermal conductivity, such an approach is
valid only when different phonon modes are in local thermal
equilibrium and would be invalid in the presence of strong
nonequilibrium [14]. Recent experiments on graphene using
Raman spectroscopy have revealed that electrons are in near-
equilibrium with optical phonons under high power densities,
although the uncertainty in experimental measurements is over
100K [15].However, Chae et al. found that the optical phonons
are not in equilibriumwith the intermediate frequency phonons
based on a similar experimental setup [16]. Since the derived κ

is inversely proportional to the temperature difference between
the laser spot and the contacts (ambient temperature), it is
important to assess the equilibrium assumption in light of
the abovementioned studies. However, measuring the temper-
atures of all the individual phonon polarizations is almost
impossible in experiments. On the other hand, theoretical
modeling would require high-fidelity prediction of scattering
and transport of electrons, optical phonons, and acoustic
phonons. Although electron scattering rates and hot electron
cooling rates have been predicted using the first principles
approach, the results have not been used together with
phonon-phonon scattering rates and carrier transport theories
to assess the degree of energy carrier nonequilibrium in Raman
spectroscopy.

2469-9950/2016/93(12)/125432(9) 125432-1 ©2016 American Physical Society
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Strain engineering is one of the most promising and effective routes toward continuously tuning the electronic
and optic properties of materials, while thermal properties are generally believed to be insensitive to mechanical
strain. In this paper, the strain-dependent thermal conductivity ofmonolayer silicene under uniform biaxial tension
is computed by solving the phonon Boltzmann transport equation with interatomic force constants extracted from
first-principles calculations. Unlike the commonly believed understanding that thermal conductivity only slightly
decreases with increased tensile strain for bulk materials, it is found that the thermal conductivity of silicene can
increase dramatically with strain. Depending on the size, the maximum thermal conductivity of strained silicene
can be a few times higher than that of the unstrained case. Such an unusual strain dependence is mainly attributed
to the dramatic enhancement in the acoustic phonon lifetime. Such enhancement plausibly originates from the
flattening of the buckling of the silicene structure upon stretching, which is unique for silicene as compared with
other common two-dimensional materials. Our findings offer perspectives on modulating the thermal properties
of low-dimensional structures for applications such as thermoelectrics, thermal circuits, and nanoelectronics.

DOI: 10.1103/PhysRevB.93.075404

I. INTRODUCTION

Two-dimensional (2D) materials have been extensively
studied in the past decade because of their novel physical
and chemical properties [1–3] and potential applications [4,5].
For example, it has been found that graphene has extremely
high thermal conductivity [6], which has great potential
in applications including electronic cooling and composite
materials. Silicene is the silicon counterpart of graphene and
another typical 2Dmaterial with a honeycomb lattice structure.
Compared to graphene, silicene is more compatible with
silicon-based semiconductor technology and therefore has
greater potential in nanoelectronic applications. Silicene has
also been found to have opened a tunable band gap when
a transverse electric field is applied [7–9]. Monolayer sil-
icene has been successfully fabricated on substrates such
as Ag(110) [10], Ir(111) [11], and Ag(111) [12] surfaces.
Recently, Tao et al. have demonstrated silicene transistors
operating at room temperature [5]. Although the performance
is still moderate and the lifetime of this transistor is only a
few minutes, it has attracted significant research interest in
silicene-based devices [13–15].
On the other hand, the intrinsic physical properties of

silicene, such as lattice thermal conductivity, have been an
active area of research. Although the thermal conductivity
of silicene has not been measured in experiments due to
the difficulty of synthesizing freestanding silicene, several
numerical simulations have predicted the thermal conductivity
of silicene and the results at 300 K range from 5 to

*Author to whom correspondence should be addressed:
hum@ghi.rwth-aachen.de

†Author to whom correspondence should be addressed:
hua.bao@sjtu.edu.cn

69 W/mK [16–21]. Most of the numerical simulations are
based on classical molecular dynamics and the discrepancy of
results mainly arises from the different interatomic interaction
potentials used. Notably, first-principles-based lattice dynam-
ics predicted that the thermal conductivity of silicene is in the
range of 20–30 W/mK [21], which should be more reliable.
In our previous first-principles calculations [20], the thermal
conductivity of 9.4 W/mK at 300 K was not refined due to the
small cutoff used for the anharmonic force constant calculation
and not imposing the sum rule [22]. Our new calculation results
are consistent with the one byGu andYang [21]. Despite recent
efforts to describe the properties of unstrained silicene, in real
applications, nanoscale devices usually contain residual strain
after fabrication [23]. It is thus important to investigate possible
strain effects on the properties of silicene. It was found that a
mechanical tensile strain less than 5% could tune the electronic
structure of silicene [24] and larger tensile strain (7.5%) could
induce a semimetal-metal transition [25]. On the other hand,
using first-principles it has been demonstrated that the silicene
structure remains buckled even when 12.5% tensile strain is
applied [25,26].
In comparison to the structural and electronic properties, the

strain effect on the lattice thermal conductivity of silicene is
less investigated. Pei et al. [18] and Hu et al. [19] investigated
the effect of uniaxial strain on the thermal conductivity based
on the classical nonequilibrium molecular dynamics method.
Pei et al. studied tensile strain up to 12% and concluded that
the thermal conductivity first increases slightly (around 10%
increment) and then decreases with an increased amount of
tensile strain. Hu et al. found that the thermal conductivity of
silicene sheet and silicene nanoribbon experiences monotonic
increase by a factor of 2 with tensile strain up to 18%.
The modified embedded-atom method (MEAM) [27] and
original Tersoff potential [28] were used in their simulations,
respectively. However, both potentials are developed for bulk

2469-9950/2016/93(7)/075404(10) 075404-1 ©2016 American Physical Society
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ABSTRACT 
The phonon Boltzmann transport equation (BTE) is an important governing 
equation for phonon transport at the subcontinuum scale. Numerically 
solving the BTE can help to study the heat transfer phenomena at microscale 
and nanoscale, for example, in electronic devices or nanocomposites. In this 
work, we developed a collocation mesh-free method to solve the BTE for 
different heat transfer regimes. The proposed numerical scheme does not 
require meshing the domain or performing numerical integration, and is 
thus advantageous for problems with complicated geometries. A few case 
studies show that our method can yield comparable results with 
semianalytical and finite volume methods. 
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Received 22 March 2016 
Accepted 23 June 2016    

1. Introduction

The conventional heat diffusion equation was introduced in the 19th century [1] and has been 
applied to solve macroscopic heat conduction problems in the diffusive regime. However, for micro-
scale and nanoscale heat transfer, due to the effects such as ballistic phonon transport and phonon 
wave effect [2, 3], the heat diffusion equation is no longer valid. Nowadays, the wide application 
of electronic devices and nanoscale composites and porous materials [4] calls for accurate numerical 
studies at subcontinuum scales. At this scale, the phonon transport process could be modeled by the 
Boltzmann transport equation (BTE) [5]. The BTE describes the phonon transport and scattering 
process. Although not including the phonon wave effect, in most cases, it can properly describe 
the heat transfer phenomena at the subcontinuum scale [3]. 

Solving the BTE is difficult since it is an integro-differential equation [6]. Only for some very sim-
ple geometries, the BTE has been solved using semianalytical methods. For example, the phonon 
transport across a thin film, that is, the phonon radiative transfer between two large parallel plates, 
was solved with the Gauss–Legendre method [3]. 

Numerically solving the BTE requires both angular and spatial discretizations. A general 
approach is to combine the discrete ordinate method (DOM) to discretize the angular domain 
and another method for spatial discretization, typically a mesh-based method, such as the finite 
difference method (FDM) [7], the finite volume method (FVM) [8, 13], or the finite element 
method (FEM) [6, 11]. All these methods were adopted to solve the BTE [6, 9] and their accuracies 
were all verified against the aforementioned results of semianalytical methods for the thin film 
geometry. A major limitation of the FDM is that it can only be used for simple geometries. The 
FVM and FEM have been more widely used to solve the phonon BTE for various more complicated 
problems [10] including composites [11], a semicircular section as a microchannel for cooling [12], 

CONTACT Yongxing Shen yongxing.shen@sjtu.edu.cn; Hua Bao hua.bao@sjtu.edu.cn 800 Dongchuan Road, University 
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Absorption Spectra
and Electron-Vibration
Coupling of Ti:Sapphire
From First Principles
First-principles calculations are performed to study the absorption spectra and electron-
vibration coupling of titanium-doped sapphire (Ti:Al2O3). Geometry optimization shows
a local structure relaxation after the doping of Ti. Electronic band structure calculation
shows that five additional dopant energy bands are observed around the band gap of
Al2O3, and are attributed to the five localized d orbitals of the Ti dopant. The optical
absorption spectra are then predicted by averaging the oscillator strength during a 4 ps
first-principles molecular dynamics (MD) trajectory, and the spectra agree well with the
experimental results. Electron-vibration coupling is further investigated by studying the
response of the ground and excited states to the Eg vibrational mode, for which a configu-
ration coordinate diagram is obtained. Stokes shift effect is observed, which confirms the
red shift of emission spectra of Ti:sapphire. This work offers a quantitative understanding
of the optical properties and crystal-field theory of Ti-doped sapphire. The first-
principles calculation framework developed here can also be followed to predict the opti-
cal properties and study the electron-vibration coupling in other doped materials.
[DOI: 10.1115/1.4032177]

Keywords: radiative heat transfer, first principles, absorption spectra, doped material

1 Introduction

Titanium-doped sapphire (Ti:Al2O3) is widely used as a tunable
laser material [1], for its broad emission spectrum from 650 to
1100 nm. It is also used to produce ultrashort, ultrahigh-intensity
pulses with a duration of 20–100 fs. The optical absorption and
emission properties of Ti:sapphire are mainly due to the d–d tran-
sitions of the Ti atoms, and the strong electron-vibration coupling
leads to the broad emission spectra. Crystal-field theory has been
used extensively to study the optical properties [2–4], and many
insightful interpretations have been presented, such as the splitting
of 3d orbitals due to the crystal field, Jahn–Teller effect, and the
Stokes shift [2–4]. Quantitative modeling of the absorption and
emission properties, however, still rely on parameters fitted from
experimental data.

First-principles calculations provide a possibility to quantita-
tively predict these properties with the initial crystal structure as
the only input. Recently, there has been a growing interest in the
radiative heat transfer community on the first-principles based
method to study the radiative properties of solid materials. Meth-
ods based on first principles have been developed to predict opti-
cal absorption and/or optical constants of bulk materials (such as
GaAs [5] and SiC [6]) as well as nanomaterials (such as quantum
dots [7] and carbon nanotubes [8,9]). These predictions could
advance our understanding of the detailed material properties in a
quantitative manner. The first-principles based calculation also
allows us to predict the thermal radiative properties of materials
under the conditions when experimental measurements are diffi-
cult (for example, high temperature or high pressure). For doped
material like titanium-doped sapphire, the optical properties have
only been predicted with the “cluster approach,” where it is
assumed that the optical properties of Ti:sapphire are completely
determined by Ti and the nearest neighboring O atoms. This

approach was applied to a Ti½H2O�3þ6 cluster by Ruan and Kaviany
and good results for excited state energy levels were obtained
[10]. A small computational capacity is needed for the cluster, but
it is not yet justified that the nearest neighbor environment can
fully capture the local environment of a doped ion in the host
material. Also, the temperature effect is not considered in their
calculation [10].

Doped materials are also modeled with a more realistic
“supercell approach,” where a relatively large cell of the host
material is created, and a dopant is introduced to the supercell.
This approach has been performed on doped or defect materials
including Cr4þ:YAG [11] and O vacancy defects in sapphire [12],
mainly focusing on band structure and defect energy calculation.
Ti:sapphire has been investigated using the supercell approach to
obtain the formation energy for interstitial and substitutional Ti
dopant [13]. All these works have used static ground state calcula-
tions to understand structural properties and electron band struc-
ture of doped systems. Although electron band structure is related
to the optical transitions, the optical absorption and emission pro-
cess (especially the broadening of absorption and emission peaks)
are also strongly dependent on the coupling with vibrational
modes. The static ground state calculation cannot capture these
effects and is thus not possible to predict the full absorption spec-
tra. Recently, the MD methods have been adopted to allow a time-
domain approach to include the effect of lattice vibration. For
example, using first-principles MD methods, Bao et al. predicted
the temperature-dependent optical absorption of a PbSe nanocrys-
tal [7] and the broadening of absorption peak of GaAs in far infra-
red spectrum [14]. Yang et al. predicted the high-temperature
optical absorption of SiC using a similar approach [15]. However,
these methods have not yet been applied to understand the optical
properties of an ion-doped dielectric material.

In this work, we present the framework of predicting the optical
absorption and electron–phonon coupling in Ti:sapphire by first-
principles calculations, treating Ti:sapphire as a periodically
doped solid. A 120-atom supercell with a substitutional Ti3þ dop-
ant is considered. Impurity structure and electronic energy levels
are first investigated. Then, the finite-temperature optical
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Abstract

This paper proposes a novel solution strategy of Saint-Venant’s problem based

on Hamilton’s formalism. Saint-Venant’s problem focuses on helicoidal beams and

its solution hinges upon the determination of the subspace of the system’s Hamilto-

nian matrix associated with its null and pure imaginary eigenvalues. A projection

approach is proposed that reduces the system Hamiltonian matrix to a matrix of size

12×12, whose eigenvalues are identical to the null and purely imaginary eigenvalues

of the original system, with the same Jordan structure. A fundamental theoreti-

cal result is established: Saint-Venant’s solutions exist because rigid-body motions

create no strains. Indeed, the solvability conditions for the governing equations of

the problem are satisfied because a matrix identity holds, which expresses the fact

that rigid-body motions create no strains. Because it avoids the identification of

the Jordan structure of the original system, the implementation of the proposed

projection for large, realistic problems is straightforward. Closed form solutions of

the reduced problem are found and three-dimensional stress and strain fields can

be recovered from the closed form solution. Numerical examples are presented to

demonstrate the capabilities of the analysis. Predictions are compared to exact

solutions of three-dimensional elasticity and three-dimensional FEM analysis.

1 Introduction

The “Saint-Venant problem” refers to a three-dimensional beam loaded at its end sections
only. Saint-Venant considered prismatic bars made of isotropic materials whose sectional
properties remain constant along their span; using a semi-inverse approach, he derived
exact elasticity solutions for beams under torsion [1] and bending [2]. For straight beams
made of homogenous, isotropic materials, the three-dimensional elasticity equations reduce
to two-dimensional Poisson’s equations over the beam’s cross-section [3, 4]. Lekhnitskii [5]
used the semi-inverse method to solve Saint-Venant’s problem for beams made of ho-
mogenous, anisotropic materials. For straight beams with specific cross-sectional shapes,
analytical solutions of Saint-Venant’s problem can be found.

For straight beams made of heterogenous materials, Iesan [6, 7] developed a systematic
approach to obtain the solutions of Saint-Venant’s problem. He proved (1) that Saint-
Venant’s problem can be decomposed into extension-bending-torsion and flexure problems,
(2) that the partial derivatives of the solutions of the extension-bending-torsion problem
correspond to the beam’s four rigid-body motions, and (3) that the partial derivatives of
the solutions of the flexure problem are the solutions of extension-bending-torsion problem.

1
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In this paper, the Hamiltonian approach developed for beam with solid cross-section is generalized to
deal with beams consisting of thin-walled panels. The governing equations of plates and cylindrical shells
for the panels are cast into Hamiltonian canonical equations and closed-form central and extremity
solutions are found. Typically, the end-effect zones for thin-walled beams are much larger than those
for beams with solid cross-sections. Consequently, extremity solutions affect the solution significantly.
Correct boundary conditions based on the weak form formulation are derived. Numerical examples are
presented to demonstrate the capabilities of the analysis. Predictions are found to be in good agreement
with those of plate and shell FEM analysis.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Thin-walled beams may be represented as an assembly of flat
strips, or cylindrical shells, or both. Typically three length scales
are involved: the wall thickness, which is far smaller than a repre-
sentative dimension of the cross-section, the representative
dimension of the cross-section, which is far smaller than the
beam’s length, and the beam’s length. Due to these geometric
characteristics, the deformation of thin-walled beams under load
differs from that observed for beams with solid cross-sections.
Under torsional loading, thin-walled beams may exhibit significant
warping. Furthermore, if the cross-section is restrained from
warping, axial and shear stresses develop, a phenomenon known
as constrained or nonuniform torsion.

Thin-walled beam theories reduce the analysis of two-
dimensional structures to one-dimensional problems that are far
simpler to solve. Although more sophisticated formulations, such
as those based on two-dimensional plate or shell finite element
or finite strip methods, are able to capture the in-plane and out-
of-plane warping behavior of thin-walled beams to the desired
level of accuracy, the associated computational burden is often
too heavy. Moreover, two-dimensional approaches do not provide
an intuitive interpretation of the observed phenomena. The main
goal of thin-walled beam theories is to approximate the assembly
of two-dimensional plate and shell structures with one-
dimensional models, while retaining an accurate representation

of the local stress and strain fields over the contour of the cross-
section.

Classical thin-walled beam theories have been proposed by
Vlasov [1], Benscoter [2], Gjelsvik [3], and Shakourzadeh et al. [4]
for isotropic thin-walled beams with open and closed cross-
sections, respectively, based on kinematic assumptions. In many
applications, thin-walled beams are, in fact, complex built-up
structures with layers of anisotropic material stacked through
the thickness of the walls. This new type of structural component
prompted the development of new thin-walled beam theories
[5–7]. With the goal of capturing the intricate stress field that
develops under load, further refinements then followed by
introducing more cross-section warping modes [8]. Although these
approaches lead to higher accuracy, the number of unknowns
increases considerably; furthermore, the identification of the
dominant modes is often arduous.

Efficient thin-walled beam models can be obtained more rigor-
ously from two-dimensional plate and shell equations through
dimensional reduction techniques that split the original problem
into a one-dimensional analysis over the beam’s span and a one-
dimensional cross-sectional analysis along the section’s contour.
These approaches can handle thin-walled beams made of anisotro-
pic composite materials without increasing the total number of
unknowns.

Asymptotic and multiscale analysis methods have been the
tools of choice for dimensional reduction. Berdichevsky [9]
proposed the Variational Asymptotic Method (VAM), in which
asymptotic analysis is applied to the energy functional. Classical
and Reissner thin-walled composite beam models based on VAM
were developed by Hodges et al. [10,11].

http://dx.doi.org/10.1016/j.compstruc.2016.03.009
0045-7949/� 2016 Elsevier Ltd. All rights reserved.
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Manipulation of motion via dual entities
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Abstract The manipulation of motion and ancillary
operations are important tasks in kinematics, robot-
ics, and rigid and flexible multibody dynamics. Motion
can be described in purely geometric terms, based on
Chasles’ theorem. Representations and parameteriza-
tions of motion are also available, such as Euler motion
parameters and the vectorial parameterization, respec-
tively. Typical operations to be performed on motion
involve the selection of local or global parameteriza-
tions and the derivation of the associated expressions
for the motion tensor, velocity or curvature vector, com-
position of motions, and tangent tensors. Many of these
tasks involve arduous, error-prone algebra. The use of
dual entities has been shown to ease the manipulation
of motion, yet this concept has received little attention
outside of the fields of kinematics and robotics. This
paper presents a comprehensive treatment of the topic
using a notation that eliminates the bookkeeping para-
meter typically used in dual number algebra, thereby
recasting all operations within the framework of linear
algebra and streamlining the process. The manipula-
tion of geometric entities is recast within this formal-
ism, paving the way for the manipulation of motion.
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Joint Institute, Shanghai 200240, China
e-mail: shilei.han@outlook.com

O. A. Bauchau
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All developments are presented within the framework
of dual numbers directly; the principle of transference
is never invoked: The manipulation of rotation is a par-
ticular case of that of motion, as should be. The prob-
lem of interpolation of motion, a thorny issue in finite
element applications, is also addressed.

Keywords Motion · Dual numbers · Vectorial
parameterization

1 Introduction

Dual numbers were first introduced in the nineteenth
century by Clifford [11]. Typically, they are written as
â = a + εb, where a and b are referred to as the primal
and dual parts, respectively, and parameter ε is such
that εn = 0 for n ≥ 2. The parallel with complex
numbers is evident; a complex number is defined as
â = a+ ib, where a and b are referred to as the real and
imaginary parts of the complex number, respectively,
and parameter i is such that i2 = −1.

Parameters ε and i can be thought of as “bookkeep-
ing parameters” that follow special rules, εn = 0 for
n ≥ 2 and i2 = −1, respectively. A more complicated
example is provided by quaternions, which are written
as â = a + ib + jc + kd, where bookkeeping para-
meters i , j , and k obey the following non-commutative
rules: i2 = j2 = k2 = i jk = −1.

Complex algebra finds applications in many
branches of engineering. On the other hand, the use
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a b s t r a c t

In structural analysis, many components are approximated as plates. More often that not, classical plate
theories, such as Kirchhoff or Reissner-Mindlin plate theories, form the basis of the analytical de-
velopments. The advantage of these approaches is that they leads to simple kinematic descriptions of the
problem: the plate's normal material line is assumed to remain straight and its displacement field is fully
defined by three displacement and two rotation components. While such approach is capable of
capturing the kinetic energy of the system accurately, it cannot represent the strain energy adequately.
For instance, it is well known from three-dimensional elasticity theory that the normal material line will
warp under load for laminated composite plates, leading to three-dimensional deformations that
generate complex stress states. To overcome this problem, several layer-wise plate theories have been
proposed. While these approaches work well for some cases, they often lead to inefficient formulations
because they introduce numerous additional variables. This paper presents a novel, single-layer theory
using local-global Approach: based on a finite element semi-discretization of the normal material line,
the two-dimensional plate equations are derived from three-dimensional elasticity using a rigorous
dimensional reduction procedure. Three-dimensional stresses through the plate's thickness can be
recovered accurately from the plate's stress resultants.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

Plates are structural components for which one dimension is far
smaller than the other two. The mid-plane of the plate lies along its
two long dimensions, and the normal to the plate extends along the
shorter dimension. The material properties of the plate are
assumed to vary smoothly over the plate's mid-plane surface.

Numerous structures can be approximated as plates or shells.
The long, slender wings of an aircraft can be analyzed, to a first
approximation, as beams, but a more refined analysis will treat the
upper and lower skins of the wing as thin plates or shells supported
by ribs and longerons or stiffeners. The same can be said about
helicopter or wind turbine blades. Buckling of the face sheets of
wind turbine rotor blades is an important problem that cannot be
captured by beam models. This instability, however, will be
captured by plate models.

Solid mechanics theories describing plates, more commonly

referred to as “plate theories,” play an important role in structural
analysis because they provide tools for the analysis of these
commonly used structural components. Although more sophisti-
cated formulations, such as three-dimensional elasticity theory,
could be used for the analysis of plates and shells, the associated
computational burden is often too heavy. Plate theories reduce the
analysis of complex, three-dimensional structures to two-
dimensional problems. The main goal of the proposed plate the-
ory is to approximate the three-dimensional plate-like structure
with a two-dimensional model, while retaining an accurate rep-
resentation of the local, three-dimensional stress and strain fields
through the thickness of the plate.

Several plate theories have been developed based on various
assumptions, and lead to different levels of accuracy. One of the
simplest and most useful of these theories is due to Kirchhoff who
analyzed the bending of thin plates. Kirchhoff plate theory
(Timoshenko and Woinowsky-Krieger, 1959; Bauchau and Craig,
2009) is used commonly in many civil, mechanical and aerospace
applications, although shear deformable plate theories (Reissner,
1945, 1947; Mindlin, 1951), often called “Reissner-Mindlin plates,”* Corresponding author.
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On the Analysis of Periodically
Heterogenous Beams
Based on the symplectic transfer-matrix method, this paper develops a novel approach
for the analysis of beams presenting periodic heterogeneities along their span. The
approach, rooted in the Hamiltonian formalism, generalizes developments presented ear-
lier by the authors for spanwise uniform beams. Starting from the kinematics of a unit
cell, the approach proceeds through a set of structure-preserving symplectic transforma-
tions and decomposes the solution into its central and extremity components. The geomet-
ric configuration and material properties of the unit cell may be arbitrarily complex as
long as the cell’s two end cross sections are identical. The proposed approach identifies
an equivalent, homogenized beam with uniform curvatures and sectional stiffness charac-
teristics along its span. Numerical examples are presented to demonstrate the capabilities
of the analysis. Predictions are found to be in excellent agreement with those obtained by
full finite-element analysis. [DOI: 10.1115/1.4033721]

1 Introduction

This paper focuses on beamlike structures exhibiting periodi-
cally varying geometric configuration and material properties
along their span. The beam is composed of identical cells, referred
to as “periodic cells” or “unit cells,” that repeat periodically along
the beam’s span and are interconnected through identical cross
sections. A finite-element model of the complete structure might
lead to considerable computational effort if the periodic nature of
the structure is not taken into account. The goal of this paper is to
develop a beam theory that takes advantage of the characteristics
of the problem and leads to a more efficient analysis.

Let L and a be the lengths of the beam and of a representative
dimension of the cross section, respectively. If the length, Lc, of a
periodic cell is smaller than that of the beam, the problem presents
two small parameters, a/L and Lc=L, which have been used to
reduce the structure to a one-dimensional beam through two-scale
asymptotic analysis. For instance, Kolpakov [1] and Kalamkarov
et al. [2] developed systematic asymptotic methods for the analy-
sis of periodically heterogenous beams. By using a two-scale
asymptotic expansion, the three-dimensional elasticity problem
was split into a local problem posed on a unit cell, which provides
the beam’s 4� 4 sectional stiffness matrix, and a global, one-
dimensional homogenized beam problem. Yi et al. [3] generalized
Kolpakov’s method by using a finite-element implementation.
Similar approaches were also developed by Buannic and Cartraud
[4,5], where appropriate boundary conditions were derived by
matching the outer solution with the analytical decaying end solu-
tions. Their approach was extended to tackle helicoidal beam
problems by Messager and Cartraud [6]. Asymptotic approaches
yield accurate results when Lc=L � 1 but their predictions deteri-
orate as the length of the unit cell increases.

Exact solutions of complete periodic beam problems can be
determined through the analysis of a unit cell only. A fundamental
challenge of this approach is to identify the algebraic structure of
the corresponding solutions. For periodic trusses, Renton [7]
found that the characteristic solutions consist of simple polyno-
mial functions and exponentially decaying solutions for the non-
vanishing and vanishing stress resultants, respectively. Moreover,
the polynomial solutions yield the beam’s equivalent stiffness
properties, akin to its axial, torsional, bending, and shear

stiffnesses. Stephen and Wang [8,9] developed a symplectic
transfer-matrix metho123d for the analysis of periodic trusses.
The stiffness characteristics of a unit cell are characterized by a
symplectic transfer matrix, whose unit and nonunit eigenvalues
give rise to Saint-Venant’s and decaying end solutions, respec-
tively. Moreover, an equivalent sectional stiffness matrix can be
determined from the eigenvectors and generalized eigenvectors of
this transfer matrix. Stephen and coworkers extended the symplec-
tic transfer-matrix approach to the analysis of planar curved [10]
and pretwisted [11] periodic trusses. Stephen [12] also investi-
gated the effects of distributed loading and intermediate supports.

A closely related problem is the analysis of spanwise uniform
beams. Mielke [13,14] found that the solutions of Saint-Venant’s
problem lie in a center manifold spanned by the 12 generalized
eigenvectors associated with the null eigenvalues. These 12 gener-
alized eigenvectors form four Jordan chains; six of the eigenvec-
tors correspond to the beam’s rigid-body modes, while the other
six are the fundamental deformation modes of the beam:
extension, torsion, and bending and shearing in two directions.
Zhong [15,16] developed novel analytical techniques for
two-dimensional uniform strips and three-dimensional uniform
cylinders based on Hamilton’s formalism. The stiffness of the
structure is characterized by a Hamiltonian matrix, whose null
and purely imaginary eigenvalues give rise to the solution of
Saint-Venant’s problem. Its eigenvalues with nonvanishing real
parts give rise to decaying solutions, and the associated character-
istic decay lengths provide a quantification of Saint-Venant’s prin-
ciple. The Jordan chain structure of Saint-Venant’s problem for
planar strips and cylinders was also identified by Zhong [15,16]
and Druz and Ustinov [17]. Bauchau and Han [18] developed an
approach to the solution of Saint-Venant’s problem based on
Hamilton’s formalism. The approach proceeds through a sequence
of structure-preserving transformations using symplectic matrices
and decomposes the solution into its central (Saint-Venant’s) and
extremity (decaying end) components. In this approach, the
explicit construction of the Jordan form is avoided. The same
authors further generalized the approach to beams undergoing
large motion but small strains [19], helicoidal beam [20], and
thin-walled beam problems [21].

A spanwise uniform beam can always be regarded as a periodic
beam for which the cell length is arbitrary. Zhong [22] and
Stephen [9] showed that the symplectic transfer matrix is identical
to the state transition matrix of the corresponding Hamiltonian
system. Hence, the transfer-matrix approach is also able to predict
the beam’s sectional stiffness and to recover the local three-
dimensional stress field through a static analysis of a slice of the
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Abstract For beams undergoing large motions but small strains, the displacement field can
be decomposed into an arbitrarily large rigid-section motion and a warping field. When
applying beam theory to dynamic problems, it is customary to assume that all inertial ef-
fects associated with warping are negligible. This paper examines this assumption in de-
tails. It is shown that inertial forces affect the beam’s dynamic response in two manners:
(1) warping motion induces inertial forces directly, and (2) secondary warping arises that
alters the beam’s constitutive laws. Numerical examples demonstrate the range of valid-
ity of the proposed approach for beams made of both homogeneous isotropic and hetero-
geneous anisotropic materials. For low-frequency warping, it is shown that inertial forces
associated with warping and secondary warping resulting from inertial forces are negligi-
ble. To examine the dynamic behavior of beams over a wider range of frequencies, their
dispersion curves, natural vibration frequencies, and mode shapes are evaluated using both
one- and three-dimensional models; good correlation is observed between the two models.
Applications of the proposed beam theory to multibody problems are also presented; here
again, good correlation is observed between the prediction of beam models and of full three-
dimensional analysis.

Keywords Beam · Warping · Inertial forces · Anisotropic

1 Introduction

A beam is defined as a structure having one of its dimensions much larger than the other
two. The generally curved axis of the beam is defined along that longer dimension and the
cross-section slides along this axis. The cross-section’s geometric and physical properties
are assumed to be uniform along the beam’s span. Numerous components found in flexible
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On micro-electrokinetic scalar turbulence in
microfluidics at a low Reynolds number

Guiren Wang,*abc Fang Yang,†a Wei Zhao†ac and Chien-Pin Chend

We recently demonstrated the direct observation of micro-electrokinetic turbulence in a microchannel at a

low Reynolds number (Re) when a pressure-driven flow was forced electrokinetically. Here, we character-

ize the corresponding scalar turbulence and surprisingly find that the corresponding turbulent mixing has

some typical and important features of scalar turbulence, such as the Obukhov–Corrsin (O–C) −5/3 spec-

trum of concentration fluctuation, which can commonly be realized only at high Re in macroflows. This

discovery could provide a new perspective of scalar turbulence and an avenue for control of transport

phenomena in lab-on-a-chip platforms. This will deepen our fundamental understanding of transport phe-

nomena in microfluidics.

1. Introduction

Turbulence and the corresponding scalar turbulence that is
often used to enhance mixing are some of the most fascinat-
ing but incompletely understood phenomena in nature and
engineering.1–3 Turbulent mixing occurs commonly in
macroflows, where the Reynolds number (Re) has to be suffi-
ciently high (e.g. ∼2000 based on the pipe diameter and bulk
flow velocity in pipe flows). The corresponding scalar turbu-
lence and mixing strongly depend on universal small-scale
structures in high Re turbulence. Statistics is commonly used
to describe the small-scale structures in turbulent flows. The
classical phenomenological theory pioneered by Kolmogorov
predicts that the power spectrum (PS) of velocity fluctuations
possesses a universal −5/3 slope based on locally homoge-
neous and isotropic turbulence for high Re. Obukhov and
Corrsin4 extended this theory to scalar fluctuations and found
that a scalar PS also has a −5/3 slope, i.e. the so-called
Obukhov–Corrsin (O–C) spectrum, as long as the Re is suffi-
ciently high.4,5 Batchelor further predicted that, when the
Schmidt number of a dye (ScD = ν/Dm, Dm is the molecular
diffusion coefficient and ν is the kinematic viscosity) is

sufficiently high, i.e. ScD ≫ 1, there is a −1 spectrum in the
viscous-convective subrange beyond the −5/3 spectrum.6

On the other hand, in microfluidics, where Re is normally
below or on the order of unity, it is believed that there can
only be laminar flows and the corresponding mixing is usu-
ally slow.7,8 However, rapid mixing is often required in lab-
on-a-chip devices, e.g. protein folding.9 Although electroki-
netic forcing has been explored in microchannels,10,11 the
forced flows in these studies are chaotic advection, not turbu-
lence according to recent reviews.12

There can be low Reynolds number turbulence, i.e. so-
called elastic turbulence at a low Reynolds number.13 Poly-
mers with high elasticity (i.e. large relaxation time) can be
stretched by a weak primary shear flow. This action causes
elastic instabilities, which result in irregular secondary flow.
The flow further stretches the polymer molecules, making
the laminar flow more unstable, and then elastic turbulence
is reached. However, elastic turbulence has so far been only
observed in macroflows, not in microflows.14 Furthermore, it
turns out that the elastic turbulence seems to be chaotic in
time but essentially smooth in space, i.e. in Batchelor's re-
gime of mixing.6 This is because, in the elastic turbulence,
small eddies are rare, and the main contribution to mixing
comes from the largest eddies which have the size of the de-
vice.14 This is different from the conventional turbulence,
which is both temporally and spatially chaotic and has multi-
scale structures.

Fortunately, we have recently achieved for the first time
micro-electrokinetic turbulence (μEKT)15,16 in a microchannel
at low Re when a pressure-driven flow is forced electrokinetically.
However, the previous works on micro-electrokinetic turbu-
lence15,16 only reported the statistical features of velocity, not
the statistical features of scalar turbulence, which can be quite
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A unified jet fuel surrogate for droplet evaporation and ignition
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h i g h l i g h t s

� Jet fuel is modeled by a four-component surrogate fuel covering four major hydrocarbon groups.
� The new unified surrogate emulates real jet-A fuel distillation curve and combustion characteristics.
� Discrete multicomponent model is used to investigate heating, evaporation and ignition of jet-A fuel droplets.
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a b s t r a c t

Kerosene fuels such as Jet-A and JP-8 have been considered for dual-purposed utilizations by both jet
engines and ground transportation diesel engines. These complex fuels are composed of thousands of dif-
ferent kinds of hydrocarbon species. The spray combustion process in diesel engines requires detailed
characterization of the ignition delay of the fuels used for the preparation of stratified fuel-air charge.
Ignition delay phenomenon is dominated by the fuel heating and evaporating spray processes. For com-
putational modeling of the spray combustion processes, it is essential to have accurate characteristics of
fuel thermo-physical and chemical kinetics properties. Real kerosene fuels with such a large number of
components are not feasible to be used in multicomponent spray combustion calculations. The object of
this study is to develop a surrogate fuel, composed of a few components, to mimic the heating, evaporat-
ing, and ignition behaviors of the real fuel. To this end, we have utilized a recently developed inversed
batch distillation methodology, to select a group of hydrocarbon species that can closely match the
experimental distillation curve of a Jet-A (POST-4658) blend. For chemical kinetics target, a multi-
component skeleton reaction mechanism of 231 species and 5591 reactions was used to predict ignition
delay times and laminar flame speeds with satisfactory results. From the hydrocarbon groups of typical
kerosene fuels of linear paraffins, cycloparaffins and aromatics, we have identified the 4-component sur-
rogate fuel as: n-dodecane/isocetane/transdecalin/toluene (mole fraction: 0.3/0.36/0.246/0.094). Droplet
heating, evaporation, and ignition processes using the current unified surrogate are presented and dis-
cussed in this study.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

For advanced combustion engine technologies, it is essential to
understand the effect of fuel properties on spray combustion
behaviors in order to achieve projected engine operation and emis-
sion improvements. Liquid-fueled combustion engines running on
petroleum-derived fuels will remain the prime power sources for
air, ground, and ocean transportation within the foreseeable
future. Recently, bio-derived and related alternative fuels offer
exciting opportunities for renewable power generation and trans-
portation with zero or minimal carbon and/or NOx emissions.

However, it is important to recognize the full range of require-
ments for spray-combustion-based energy conversion devices
and to ensure that their deployments do not cause adverse effects
on such issues as combustion efficiency, particulate formation and
emissions, and power system reliability. To obtain the benefits
provided by emerging engine technologies (for example, the Low
Temperature Lean Premixed Pre-vaporized combustor, Reactivity
Controlled Compression Ignition Engine (RCCI) [1]), the properties
of liquid fuels will be modified continuously considering market
need and new engine technologies. In fact, the recent FACE (Fuel
for Advanced Combustion Engines) project [2] seeks to design
tailored-made fuels, by combining petroleum and alternative-
based advanced fuels, to meet next generation engine performance
in terms of combustion efficiency and emission reduction. But the

http://dx.doi.org/10.1016/j.fuel.2016.05.114
0016-2361/� 2016 Elsevier Ltd. All rights reserved.
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Adhesive bond-line degradation
detection via a cross-correlation
electromechanical impedance–based
approach

Roberto Dugnani1, Yitao Zhuang2, Fotis Kopsaftopoulos2 and
Fu-Kuo Chang2

Abstract
This article describes how piezoelectric transducers embedded in the adhesive bond-line of lap-joints can be used to
effectively monitor structural integrity. Various lap-joint coupons with embedded piezoelectric transducers were manu-
factured with and without artificial contamination at the bond-line and tested statically and cyclically. A novel scheme
based on the electromechanical impedance response of the transducer was implemented to predict the failure of the
tested lap-joint samples. The results from the mechanical testing indicated that monitoring the transducer’s electrome-
chanical impedance is an effective way of predicting the failure of the bond-line. Specifically for static tests, local damage
to the bond-line was consistently detected at approximately 84% of the failure load for transducers located at the center
of the bond-line, whereas for transducers embedded near the edge of the bond-line, the failure of the adhesive was
detected at 60% of the failure load. Moreover, preliminary fatigue tests showed that significant changes in the electrome-
chanical impedance signals were apparent starting at 60% of the life of the bond-line. In addition to the mechanical
testing, the effectiveness of the proposed electromechanical impedance–based scheme was investigated by means of a
three-dimensional finite element model corresponding to the specific coupon geometry tested and through a
two-dimensional analytical solution.

Keywords
Transducer, sensor, structural health monitoring, piezoelectric, actuator, lap-joint, diagnostic, prognostic, impedance

Introduction

Adhesively bonded joints are attracting increasing inter-
est particularly in the automotive and aerospace indus-
tries due to the relative structural advantages compared
to more conventional joining methods such as welding
and riveting. Regretfully, the assessment of the bonding
interface integrity is a very challenging problem and up-
to-date the usage of adhesive bonds is for the most part
limited to non-structural elements. In addition to the
traditional non-destructive inspection (NDI) techniques
such acoustic scans, more recently, various structural
health monitoring (SHM) techniques have been pro-
posed to monitor in situ the presence of damage and/or
weak adhesive bond-lines.

Recently, Kouhei et al.1 developed an SHM system
to detect the degradation of the adhesive bond-line on
carbon fiber–reinforced plastic components bonded to
aircraft structures. The SHM system proposed by

Kouhei et al.1 could qualitatively evaluate the structural
integrity of the bond-line by analyzing the changes in
the amplitude and phase of Lamb waves traveling
through the bonded components. The diagnostic acous-
tic waves described in Kouhei et al.’s1 work were gener-
ated by micro fiber composite piezoelectric actuators
embedded in the structure. In the study, the acoustic
signal traveling in the structure after the structure had
been overloaded was recorded and compared to the
pristine structure’s signature signal. The findings from
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a b s t r a c t

Fracture surface contours representing same degree of roughness are conventionally
assigned fractographic terms, such as ‘‘mirror” or ‘‘mist” boundary; this subjective
approach to qualitatively describe the fracture surface was considered necessary, due to
the absence of an exact mathematical solution. We find that coordinate system transfor-
mations, applied to a dynamically adjusted classical fracture mechanics framework, enable
these boundaries to be mathematically described by conic sections. A numerical dynamic
crack evolution model was used to empirically validate this exact geometric description for
model isotropic, monolithic materials, including borosilicate glass and vitreous or glassy
carbon fractured in bending. As no arbitrary fractographic features are assigned, we can
objectively quantify the applied stress at failure, the residual stresses originally present
in the solid, and the mechanical material properties.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Some of the early observations on fracture patterns can be attributed to the work of Broadmann [1] dating back to 1894.
Broadmann [1] was particularly interested in the fracture of glass rods tested in tension, bending, and torsion. Broadmann [1]
noted that fractographic features correlated to the strength of the glass, although a formal relationship correlating the
strength of the material to the mirror radius was formally put forward only over half a century later by Orr [2]. Orr’s work
on the fracture behavior of glass samples gave an approximate description of the shape of the mirror-mist boundary for sam-
ples fractured in tension, but failed to quantitatively describe the shape of the mirror-mist boundary for flexural fractures.
During the last half-century, Orr’s equation has become the standard for fractographic analysis [3–7].

Shand [8] corrected the shape of the mirror-mist boundary by including the non-uniform stress concentration factor
around the crack tip. Shand [8] assumed that the mirror-mist boundary formed at a critical stress value; however, he only
considered circular cracks in cylindrical glass rods. Johnson and Holloway [9] attempted to better predict the shape of
mirror-mist boundary by using the empirical relationship r = A/

p
R and solving for the distance from the fracture origin,

R, for a given stress field. Although this approach lacked physical foundation, it yielded reasonably accurate results for short
cracks subjected to either flexural or tensile stress.

Kirchner and Kirchner [10] and Kirchner and Conway [11] improved upon the model proposed by Johnson and Holloway
[9] by recognizing that the mirror-mist boundary, the hackle boundary, and the branching boundary, corresponded to

http://dx.doi.org/10.1016/j.engfracmech.2016.08.013
0013-7944/� 2016 Elsevier Ltd. All rights reserved.
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1SCIENTIFIC REPORTS

Three dimensional Graphene 
aerogels as binder-less, 
freestanding, elastic and high-
performance electrodes for lithium-
ion batteries
Zhihang Chen , Hua Li , , Ran Tian , Huanan Duan , Yiping Guo , Yujie Chen , Jie Zhou , 
Chunmei Zhang , Roberto DUGNANI  & Hezhou Liu ,

In this work it is shown how porous graphene aerogels fabricated by an eco-friendly and simple 
technological process, could be used as electrodes in lithium- ion batteries. The proposed graphene 
framework exhibited excellent performance including high reversible capacities, superior cycling 

 particles were distributed homogeneously on graphene sheets. Finally, the 
electrochemical properties of the samples as active anode materials for lithium-ion batteries were 

this manuscript.

Because of the high specific energy, long cycle life and environmental protection, LIBs have become the main 
supporting power for all kinds of advanced portable electronic products. With the development of new elec-
trode materials and technology innovations, LIBs which have high charge-discharge rate and specific capacity, 
have shown great advantages in the electronic field1–4. It has been reported that several kinds of nanostructured, 
transition-metal oxides5 such as SnO2 nano-particles can improve the performance of rechargeable LIBs6. Single 
layer, two dimensional graphene has a significantly larger theoretical capacity than graphite and is favorable to 
lithium ion transport resulting in improving the overall performance of LIBs. But, it is well-known that when 
graphene is used as lithium-ion batteries electrode materials, the powerful π-π stacking interactions and Van Der 
Waals forces make graphene sheets easily aggregate into powders or films which in turn induce higher resistance 
for Li+ ion diffusion and decrease surface area significantly7,8. Graphene aerogels (GA) display three dimensional 
porous frameworks, large specific surface area, rapid ion-diffusion characteristics, excellent mechanical strength 
as well as multidimensional continuous electron-transport pathways and have been fabricated and designed 
for energy storage and conversion, adsorbents for environmental remediation and catalysis9,10. Moreover, 
nano-porous structures could provide additional channels for Li+ ions and electrons transmission during the 
lithiation and delithiation processes11,12. Three dimensional graphene could offer space for ions expansion and 
electrolyte storage8,13–15. In order to take advantage of these features displayed by graphene aerogels, scientists 
have recently paid increasing attention to the combination of graphene aerogels and LIBs.

State Key Laboratory of Metal Matrix Composites, School of Materials Science and Engineering, Shanghai Jiaotong 
University, China. Collaborative Innovation Center for Advanced Ship and deep-Sea Exploration, Shanghai Jiao Tong 
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a b s t r a c t

Shape memory polymers (SMPs) have attracted the attention of both the industry and academia due to
the fact that they can deform and fix into a temporary shape, and recover their permanent, original shape
upon exposure to an external stimulus. In this work we propose a novel, shape memory three-
dimensional (3D) polyurethane-based (PU) graphene foam (PGF)/epoxy/carbon nanotubes (PGEC) com-
posite. The composite uses epoxy resin (EP) as matrix, a low-density (about 0.030 g/cm3), highly porous,
commercially available PU sponges as the scaffold, and graphene and carbon nanotubes (CNTs) as con-
ductive network. The proposed PGEC composites demonstrate excellent conductivity and could be trig-
gered within 150 s by applying an electric field of approximately 1.43 V mm�1. The proposed SMP
composite material is simple and fast to manufacture, operational, and low cost.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

SMPs are ‘smart’ materials that can deform to temporary shapes
and revert to their original shapes upon exposure to external stim-
uli such as heat [1], pH [2], light [3], moisture [4], electrical [5], or
magnetic field [6,7]. Such properties have enabled a variety of
applications including in the aerospace field [8,9], bio-medical
devices [10,11], adaptive optical devices [12], textile materials
[13], smart dry adhesives [14], and fasteners [15,16]. Traditionally,
SMPs are direct heated by a heat source such as an oven, which
practically limits their applications [17]. Alternative SMPs could
be triggered by the heat provided by external heating strips.
Nonetheless, when heating strips are placed on the surface of
SMPs, significant thermal gradients are induced since the heat is
diffused from the surface towards the core of the material. Heating
strips themselves are prone to failure after repeatedly used [18]. In
the literature it has also been proposed adding magnetic materials
into the matrix to serve as an actuator triggered by magnetic field

[19]. Nonetheless, inducing high magnetic fields requires bulky
devices and high power requirement, which is clearly not ideal in
most applications [20].

A more convenient and highly effective approach to homoge-
neously heat SMPs is to create a conductive network within the
SMPs as proposed in this paper. Specifically, the conductive net-
work allows the generation of joule heating to achieve fast and uni-
form triggering of SMPs by electrical stimulus. Since this approach
only requires a standard electric power source, the resulting
composite are very versatile. Ever since their discovery, CNTs and
graphene have attracted tremendous research interests in
materials science. CNTs and graphene have anisotropic one- and
two-dimensional shapes, respectively. They both consist of two-
dimensional conjugated sp2 hybrid carbons and exhibit excellent
electrical conductivity. Graphene is substantially a CNT cut along
its axis and unrolled to lay flat. Also the epoxy resin with no addi-
tives is a thermal insulator and when triggered by electric current a
high content of graphene and CNTs in polymer matrices is essential
for the PGEC composites to form an effective conductive networks
to support the shape memory process [21]. But the high interlayer
contact resistance caused by functional groups has limited
graphene as a conductive filler [22]. Therefore choosing an
effective scaffolding structure that is compatible with conductive

http://dx.doi.org/10.1016/j.compositesa.2016.10.021
1359-835X/� 2016 Elsevier Ltd. All rights reserved.
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Investigation of Swirl Ratio
Impact on In-Cylinder Flow
in an SIDI Optical Engine
Advanced powertrain technologies have improved engine performance with higher power
output, lower exhaust emission, and better controllability. Chief among them is the devel-
opment of spark-ignition direct-injection (SIDI) engines in which the in-cylinder proc-
esses control the air flow motion, fuel–air mixture formation, combustion, and soot
formation. Specifically, intake air with strong swirl motion is usually introduced to form
a directional in-cylinder flowfield. This approach improves the mixing process of air and
fuel as well as the propagation of flame. In this study, the effect of intake air swirl on in-
cylinder flow characteristics was experimentally investigated. High-speed particle image
velocimetry (PIV) was conducted in an optical SIDI engine to record the flowfield on a
swirl plane. The intake air swirl motion was achieved by adjusting the opening of a swirl
ratio (SR) control valve which was installed in one of the two intake ports in the optical
engine. Ten opening angles of the SR control valve were adjusted to produce an intake
SR from 0.55 to 5.68. The flow structures at the same crank angle degree (CAD), but
under different SR, were compared and analyzed using proper orthogonal decomposition
(POD). The flow dominant structures and variation structures were interpreted by differ-
ent POD modes. The first POD mode captured the most dominant flowfield structure
characteristics; the corresponding mode coefficients showed good linearity with the
measured SR at the compression stroke when the flow was swirling and steady. During
the intake stroke, strong intake air motion took place, and the structures and coefficients
of the first modes varied along different SR. These modes captured the flow properties
affected by the intake swirl motion. Meanwhile, the second and higher modes captured
the variation feature of the flow at various CADs. In summary, this paper demonstrated a
promising approach of using POD to interpret the effectiveness of swirl control valve on
in-cylinder swirl flow characteristics, providing better understanding for engine intake
system design and optimization. [DOI: 10.1115/1.4032419]

Introduction

The internal combustion engine, as one of the most reliable and
widely implemented machines to convert chemical energy of fuel
into kinetic energy, was invented over a century ago. Since then,
enormous improvement has been made to improve the perform-
ance and reduce the negative effects to the environment. In partic-
ular, the development of SIDI engine has been probably regarded
as one of the most promising engine technologies within last few
decades. A comprehensive comparison of SIDI engines with port
fuel injection (PFI) engines has been thoroughly discussed in the
review paper [1]. Fuel–air mixture improvement and emission
reductions are the main focuses of developing SIDI technology.
However, the limitation of short fuel vaporization time leading to
insufficient atomization, along with the need to improve charge
motion, remains a serious problem. In order to create a strong
flow inside the cylinder, induced swirl and/or tumble flow is pur-
posely introduced into SIDI engines. Research on in-cylinder flow
properties was carried out to visualize the effect of intake air swirl
and tumble motions on spray and combustion processes [2,3]. It
was found that strong enhancement of fuel–air mixing processes
and flame propagation could be achieved by introducing the swirl
and tumble intake charge motion. To study the in-cylinder air
motion, flowfield visualization by PIV was effective. The advant-
age of PIV experiment, especially using high-speed system, is to
obtain highly global flowfield characteristics with high temporal
and spatial resolutions.

Since the engine is running cycle by cycle at different speeds
and load points, significant changes between different cycles are
another crucial problem. With the help of PIV test, the cycle-to-
cycle variations are able to be captured and analyzed. The analysis
of in-cylinder flow not only aims at finding the ensemble average
which represents the dominant flowfield property but also focuses
on the variation characteristics of engine flowfields captured by
multiple consecutive cycles of PIV data. For instance, the kinetic
energies of the average flowfield and variations at different engine
cycles were studied by Li et al. [4]. Besides, the classification of
flowfield characteristics based on flow pattern recognitions was
accomplished to find the variation factors of the in-cylinder swirl
flow [5]. It demonstrated that small-scale variations exist in the
flow, and small cycle sample size may introduce extreme statisti-
cal bias to the average flowfield. At this stage, researchers realized
that variation was one of the important properties of in-cylinder
flow; hence, more sophisticated approaches were introduced to
further analyze the fluctuating behaviors. With the help of POD,
researchers were able to resolve the ensemble average along with
detail properties of the cycle-to-cycle variations. POD technique
decomposes a dataset based on the statistical characteristics of the
dataset. More detailed explanation will be shown in the POD sec-
tion. Various publications have been made by introducing this
technique into the engine phenomena analysis including diesel
spray [6], misfire [7,8], and in-cylinder flow [9]. In addition, the
combination of POD into flowfield vortex structure analysis
helped identify large-scale flow structures from turbulent swirling
flows [10] and in-cylinder vortex structure evolutions [11].

Since POD was used as a novel approach to capture both aver-
age and variation information, it has been applied to validate the
large eddy simulation (LES) model with experimental data. This
approach established an accurate link between the simulation

1Corresponding author.
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a b s t r a c t

The control of intake air swirl motion is often used in spark-ignition direct-injection (SIDI) engine to
improve its in-cylinder fuel–air mixing process especially under engine idle and low load conditions.
In this experimental investigation, a novel technique combining the time-resolved particle image
velocimetry (PIV) with quadruple proper orthogonal decomposition (POD) is implemented to analyze
the time-resolved in-cylinder velocity measurements in an optically-accessible SIDI engine. The intake
air swirl motion is introduced into the engine cylinder by a control valve installed in one of two air intake
ports. Experimental results show that a strong linear correlation exists between the intake flow swirl
ratio and vorticity flow field in the cylinder. This correlation ensures high data reliability of swirl motion
control and provides a novel basis to directly compare the flow field measurements under different swirl
ratio conditions. The quadruple proper orthogonal decomposition analysis is then applied to the velocity
flow fields to separate the highly dynamic in-cylinder flow characteristics into four distinct categories:
(1) dominant flow structure; (2) coherent structure; (3) turbulent structure; and (4) noise structure.
The results show that the dominant flow structure varies strongly with swirl ratio, and its kinetic energy
is also directly related to the swirl ratio. The coherent structure captures the large scale flow
characteristics, but its kinetic energy is much lower and exhibits larger cycle-to-cycle variations. The
turbulent structure contains similar level of kinetic energy at different swirl ratios but without much
cycle-to-cycle variation. Finally, the noise structure contains very low kinetic energy which only alters
the dynamic nature of the flow field slightly. In summary, the effect of swirl ratio on in-cylinder flow field
is mostly captured by the dominant flow structure and partially captured by the coherent flow structure.
The turbulent flow structure can characterize the high-order flow variation. The noise structure can be
neglected due to the low energy captured.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Automobiles are constantly being improved with the imple-
mentation of innovative techniques and features to meet the
requirements of higher fuel efficiency and lower engine emissions.
Within the last few decades, internal combustion engines have
been significantly improved in numerous ways, including the
adoption of variable valve actuation (VVA), multi-stage turbo-
charging, and spark-ignition direct-injection (SIDI). Since the legis-
lation of emission control is becoming more rigorous, downsized
engines with high output power are becoming the trend for
automobiles. For instance, smaller boosted SIDI engines have

demonstrated high potential for emission reduction and improved
engine performance [1]. However, the drawbacks of SIDI technol-
ogy are short fuel vaporization time and over-penetration of liquid
fuel in the cylinder. Specifically, insufficient fuel vaporization time
leads to inhomogeneity of fuel distribution and large droplets
before the spark ignition takes place, which causes slow, or incom-
plete combustion, with excess hydrocarbon (HC) emissions. Like-
wise, excessive penetration of fuel spray under higher injection
pressure leads to fuel impingement and undesirable wall wetting
– the main reasons for lubrication oil dilution and high HC and soot
emission. Considerable research has been carried out to resolve the
issue by the improvement of SIDI spray systems and injector char-
acteristics [2,3]. The other approach to enhance the vaporization
process is to utilize the full potential of the in-cylinder flow field
characteristics. Enhancing in-cylinder flow field is considered to
be another key method for optimal spray development and rapid
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Near-nozzle spray and spray collapse characteristics of spark-ignition
direct-injection fuel injectors under sub-cooled and superheated
conditions
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h i g h l i g h t s

� Effects of nozzle L/D and nozzle number on near-nozzle flash boiling spray characteristics are revealed.
� In-nozzle fuel evaporation and outside nozzle fuel boiling govern fuel spray characteristics under superheated conditions.
� Spray collapse characteristics and its formation process under superheated conditions are revealed.
� Flash boiling spray has great potential to solve injector deposit issue caused by residual fuel trapped in the nozzle.
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a b s t r a c t

There is limited literature available regarding the spray collapse process and the characteristics of flash
boiling spray near the critical location of the nozzle exit, even though flash boiling has been proven to
produce finer fuel spray with much improved vaporizing quality, and liquid fuel atomizes quickly soon
after it is discharged from the nozzle. In this study, the near-nozzle fuel spray of various types of
spark-ignition direct-injection prototype multi-hole injectors was investigated under a wide range of
sub-cooled and superheated conditions using a high-speed backlit imaging technique. The effects of fuel
temperature, ambient pressure, nozzle L/D ratio, and nozzle number, as well as near-nozzle spray
characteristics and spray collapse phenomenon under superheated conditions, were studied.
Experimental results revealed that both increasing fuel temperature and decreasing ambient pressure
resulted in faster fuel jet disintegration and wider fuel plume due to flash boiling. In-nozzle fuel
evaporation and outside-nozzle fuel boiling were the primary influences governing flash boiling spray
atomization under superheated conditions. Spray collapse length increased with decreasing Pa/Ps ratio;
it also increased with the elapse of injection time. Flash boiling spray also has the potential to resolve
injector deposit issues with significantly improved end-of-injection performance.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Since the widespread adoption of spark-ignition direct-
injection (SIDI) gasoline engines in today’s vehicles, fuel spray
has drawn more attention from engine researchers. In port fuel
injected engines, the fuel is injected into the intake manifold and
undergoes relatively long atomization and evaporation processes
before ignition. Fuel injectors work under low temperature and

pressure conditions; thus, the requirements of injector and spray
characteristics are not as crucial. In SIDI engines, a fuel injector is
mounted inside the engine cylinder and fuel is directly injected
into the combustion chamber. Fuel spray characteristics not only
affect fuel economy and engine performance, but also govern
exhaust emission quality. Moreover, more stringent emission
regulations prompt greater demands on spray performance and
quality. Thus, substantial research must be conducted on injector
performance and fuel spray improvement.

Faster fuel atomization can lead to more efficient mixture
preparation and combustion processes, resulting in higher fuel
economy and lower exhaust emissions [1]. High fuel pressure
injection and high fuel temperature injection are two methods
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The effect of nozzle configuration on the macroscopic spray structures of multi-hole fuel injectors
under superheated conditions is investigated. Nine prototype multi-hole fuel injectors with various
nozzle tip configurations, including hole diameter, hole exit angle, hole shape, hole-to-hole distance,
and length-to-diameter (L/D), were custom made for this investigation. A high-speed backlit imaging
system was used to image the axial spray characteristics along the injector axis and a planar Mie
scattering optical patternation method was performed to analyze the cross-sectional spray patterns
at various distances below the injector tip. Experimental results reveal that the superheated degree,
which is quantified by the ambient-to-saturation pressure ratio (Pa/Ps), significantly influences the
macroscopic structure of emerging liquid plumes from nozzle holes. The interactions among indi-
vidual plumes are closely coupled with the design of the nozzle configuration. The nozzle hole angle
orientation and number of holes are the main factors which influence the axial and cross-sectional
distributions of overall spray structure. The structural transformation of spray characteristics under
superheated conditions is more pronounced for an injector with more holes arranged in a symmetric
configuration due to the stronger interactions among adjacent plumes. Therefore, by considering the
influences of superheated degree and plume-to-plume interaction, a better understanding towards the
flash-boiling behavior of multi-hole injector spray can be revealed.

KEY WORDS: multi-hole injector, superheated spray, flash boiling, macroscopic
spray characteristics
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ABSTRACT 

In this study, the spray characteristics of three multi-
hole injectors, namely a 2-hole injector, a 4-hole 
injector, and a 6-hole injector were investigated under 
various superheated conditions. Fuel pressure was 
kept constant at 10MPa. Fuel temperature varied from 
20  to 85 , and back pressure ranged from 20kPa to 
100kPa. Both liquid phase and vapor phase of the 
spray were investigated via laser induced exciplex 
fluorescence technique. Proper orthogonal 
decomposition technique was applied to analyze the 
cycle-to-cycle variations of the liquid phase and vapor 
phase of the fuel spray separately. Effects of fuel 
temperature, back pressure, superheated degree and 
nozzle number on spray variation were revealed. It 
shows that higher fuel temperature led to a more stable 
spray due to enhanced evaporation which eliminated 
the fluctuating structures along the spray periphery. 
Higher back pressure led to higher spray variation due 
to increased interaction between spray and ambient air. 
In addition, flash boiling sprays were more stable than 
non-flash boiling sprays. The spray variation of the 6-
hole injector was the smallest under all test conditions. 
It was because a symmetrical hole distribution 
contributed to a more stable spray structure. 
Asymmetrically distributed holes would lead to larger 
spray variation under transition conditions due to more 
pronounced ambient air effects. 

INTRODUCTION 

Fuel spray plays vital role in influencing fuel economy 
and emission quality in gasoline engines, particularly 
for the widely adopted spark-ignition direction-injection 
(SIDI) gasoline engines in modern vehicles [1]. In SIDI 
gasoline engines, liquid fuel is directly injected into the 
combustion chamber. The limited time for fuel 
evaporation and mixing in the combustion chamber 
has increased the requirements of atomizing and 
evaporating the liquid fuel. Flash boiling spray has 
been proven to be of great potential to achieve high 

fuel economy and emission reduction due to improved 
fuel atomization and evaporation within an extremely 
short atomization period [2-5]. However, enhanced fuel 
evaporation and air entrainment would lead to strong 
cycle-to-cycle variation of fuel spray [6]. Strong cycle-
to-cycle variations of air-fuel mixing process would 
result in large coefficient of variation (COV) of 
indicated mean effective pressure, particularly for 
stratified-charge lean-burn combustion system. As a 
result, large variation in mixture formation and 
combustion would then result in high fuel consumption 
and poor emission [7]. Therefore, high stability of spray 
and evaporation process are essential to maintain a 
stable and efficient combustion.  

However, it has been proven that higher fuel pressure 
and temperature lead to increased spray variation due 
to stronger fuel evaporation [6]. High back pressure 
has positive effect on spray variation induced by 
enhanced air entrainment. In addition, the nozzle 
configuration also governs the spray stability. 
According to Marchi [8], the positive-step outward-
opening injector produced the most robust spray 
structure. On the other hand, Chen et al. [9] also 
illustrated that cycle-to-cycle variations of flow fields 
and the equivalence ratio distribution at spark timing 
may lead to misfire of SIDI engines. With the purpose 
of solving the issues caused by spray variation and 
obtaining an optimized stable spray, it is of great 
importance to identify influencing factors that affect the 
spray structure and evaporation process. Although an 
extensive amount of work has been done to 
characterize the flash boiling sprays, very limited work 
focusing on the cycle-to-cycle variation has been 
carried out [4-5, 10-15]. 

Various methods have been developed to study the 
spray cycle-to-cycle variations, including presence 
probability image (PPI) technique [16], constructing 
mean and root mean square (RMS) image [8], and 
proper orthogonal decomposition (POD) technique 
[17]. All these methods are useful to analyze the cycle-
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INVESTIGATION OF RAPID ATOMIZATION
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Flash boiling sprays have demonstrated great potential in improving fuel atomization and evapora-
tion even at very low injection pressure. In this study, fuel spray characteristics of three gasoline
direct-injection injectors, namely, a one-hole injector, a six-hole injector, and a one-slot injector, were
investigated via high-speed Schlieren technique. Experimental results reveal that different transfor-
mations of spray geometry were identified under various test conditions. Under flare flash boiling
conditions, an expanded spray structure was observed of the one-hole injector, but collapse sprays
were found of the six-hole injector and one-slot injector. The spray collapse led to longer spray pene-
tration of the six-hole injector, but for the one-slot injector, the spray penetration decreased. To unveil
this phenomenon, a two-dimensional transparent nozzle was designed to investigate the inner nozzle
flow using high-speed microscopic backlit imaging technique. It showed that the vapor bubble was
initiated inside the nozzle along the nozzle wall under transition and flare flash boiling conditions.
Both vapor bubble size and volume fraction increased with increasing superheat degrees. Much big-
ger vapor bubbles and larger volume fraction were found under the flare flash boiling conditions.
Both in-nozzle vapor bubbles and fuel boiling effect at the nozzle exit contributed to rapid fuel at-
omization and evaporation process. Contraction or expansion of the spray geometry was dependent
on whether in-nozzle bubble or fuel boiling played the dominant role. In summary, more physical
insights were revealed into the collapse phenomena and rapid atomization process of flash boiling
sprays.

KEY WORDS: superheated GDI spray, rapid atomization, spray collapse, 2-D
transparent nozzle

1044–5110/16/$35.00 © 2016 by Begell House, Inc. 1361
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1. Introduction

The need for simultaneous measurement of three-degree-
of-freedom (3-DOF) planar position ( θXY Z) can be found 
in numerous applications such as semiconductor manufac-
turing, precision machining and inspection, biotechnology 
and so on [1, 2]. Conventional methods include those that use 
a combination of single-axis position sensors or a multi-axis 
laser interferometer. Using multiple linear or angular single-
axis position sensors usually means a complicated setup and 
potential errors caused by misalignment of sensors. Multi-axis 
laser interferometers are not only complicated but also expen-
sive, which limits their uses to more demanding applications.

To overcome these disadvantages, some researchers have 
proposed other optical methods in the past to measure planar 
position. Gao et  al developed a surface encoder, which is 
composed of an angle sensor and a sinusoidal grid, for sub-
micron position measurement of a planar motion stage [3, 4]. 

By measuring the angular displacement of a reflected laser 
beam, they achieved a resolution of 0.1 μm with a grid pitch 
of 150 μm. Chung et al developed a planar encoder based on 
the principle of diffractive interferometry [5]. It can measure 
2D displacement by using the Doppler effect. With a signal 
subdivision algorithm, it can achieve a resolution of 15 nm in 
a long stroke of up to 25 mm in both axes.

In addition to the above optical approaches, vision-based 
methods have also been proposed for planar position meas-
urement. Typically phase of the fundamental frequency of 
a periodic pattern is used to measure displacement. Since 
phase of the fundamental frequency is less affected by image 
noise, this method can achieve high measurement resolution 
and acc uracy. Yamahata et al used 1D discrete Fourier trans-
form (DFT) directly to calculate phase [7]. Their method is 
simple, but it can only measure translation along one axis. 
Moreover, due to the discretization and edge effects of DFT, 
the fundamental frequency and phase thus obtained are usu-
ally not accurate [8]. As a result, the phase can only be used 
to measure relative displacements. For absolute position 
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Abstract
In this paper, a vision-based method is proposed for three-degree-of-freedom (3-DOF) planar 
position ( θXY Z) measurement. This method uses a single camera to capture the image of a 2D 
periodic pattern and then uses the 2D discrete Fourier transform (2D DFT) method to estimate 
the phase of its fundamental frequency component for position measurement. To improve 
position measurement accuracy, the phase estimation error of 2D DFT is analyzed and a phase 
estimation method is proposed. Different simulations are done to verify the feasibility of this 
method and study the factors that influence the accuracy and precision of phase estimation. To 
demonstrate the performance of the proposed method for position measurement, a prototype 
encoder consisting of a black-and-white industrial camera with VGA resolution (480  ×  640 
pixels) and an iPhone 4s has been developed. Experimental results show the peak-to-peak 
resolutions to be 3.5 nm in X axis, 8 nm in Y axis and 4 μrad in θZ axis. The corresponding 
RMS resolutions are 0.52 nm, 1.06 nm, and 0.60 μrad respectively.
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a b s t r a c t

For first time, motion of a magnetic bead ascending an inclined surface is investigated. The translational
and rotational velocities of magnetic beads traveling on an inclined plane in the creeping flow regime are
studied. The governing equations considering lift force and magnetic torque are obtained. Rolling and
slipping cases are studied in detail. It is shown that the lift force effect is critical for large values of
sedimentation Reynolds number (Res) and negligible for small values of Res. This method is applicable
for neutrally buoyant and heavy magnetic bead motion. Practical application of this study is im-
plemented in the ratchet configuration for separation of magnetic beads with different sizes. This is
applicable for novel applications such as drug delivery, magnetic tweezers, and magnetic actuated
stiffness testing systems which require accurate magnetic bead sizes for accurate function.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic beads consist of small magnetic particles of as iron,
nickel and cobalt and their chemical compounds. The size, material
composition, and processing of the bead determine the properties.
The sizes of the magnetic particles range from a few nanometers to
500 μm, and these particles may be embedded into a matrix, coated,
and/or encapsulated in shells to improve the (mechanical, chemical,
magnetic, or degradation) material properties for particular applica-
tions. For example, Skumiel and Izydorzak-Wozniak et al. [1,2] used
frontal polymerization of a Ni acrylamide nitrate complex, followed
by its pyrolysis to fabricate composite magnetic beads of metallic
nanocrystallites embedded in a carbon matrix with sizes ranging
from a few μm and up to 300 μm. The authors showed that the
nanocrystallites size (ranged in size from 6–17), morphology, volume
fraction, and therefore magnetic properties can be tailored by the
pyrolysis temperature. The small particles exhibited super-
paramagnetic ordering while large particles exhibited ferromagnetic
material ordering in an alternating magnetic field. Further review on
the synthesis of magnetic particles can be found in [3]. Alternative to
embedding the magnetic particles in a matrix, there are also many
examples of magnetic particles with an outer shell [4,5].

The material properties that arise from size, material compo-
sition, and processing are beneficial for a host of applications. For

example, the study of magnetic bead motion has many applica-
tions in science and technology. Irmscher et al. developed a cell
membranes mechanical stiffness device using magnetic particle
actuation by combining magnetic particle actuation with rota-
tional and translational particle tracking [6]. The force and me-
chanical properties of many biological systems is measured with
magnetic tweezers [7,8], and designing these systems with greater
accuracy requires further study of magnetic bead motion. Se-
paration and collective phenomena of colloidal particles are in-
vestigated in [9,10], and the authors discuss the importance of
transport, separation, and recognition of biological compounds or
biomolecules using magnetic particles. They reviewed recent de-
velopments on magneto resistive detection of magnetic beads or
nanoparticles by nano-scale sized sensors. Sensors capabilities are
analyzed experimentally and a numerically by their accuracy in
localizing the position of a single magnetic particle and accuracy in
detecting the number of particles within a certain range.

Separation of magnetic beads is very important for biotechnical
applications. One possible method for this separation of magnetic
beads is the on–off ratchet concept studied by Auge et al. [11].
They investigated the motion beads due to magnetic effect, but
they neglected the interaction of wall-bead and hydrodynamic
resistance induced by rotational and translational velocities. Tier-
no et al. used parallel strips of magnetic garnet film to control the
motion and separation of paramagnetic particles using a type of
magnetic ratcheting technique [12]. Further, applications for
magnetic ratcheting mechanisms for biotechnical applications
were investigated by [13]. The ratcheting effect is also very
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a b s t r a c t

Hybrid bio-composites are environmentally friendly and can provide a sustainable alternative to existing
engineering materials in several applications. While these hybrid composites have relatively low
modulus, their material consistency lend them to be used in many structural applications. Many low
modulus natural fibers exhibit nonlinear axial stress strain relations.

Orthotropic material nonlinearity is typically analyzed for composites in the transverse and shear
directions, and very few computational models consider axial nonlinearity. In this manuscript two new
macro and one micromechanical constitutive models are developed to characterize the nonlinear
orthotropic behavior of these material systems in the axial, transverse and shear directions. These
models are then implemented within finite element (FE) code. A hybrid bio-composite in the form of
pultruded layers manufactured with jute bio-fibers, combined with unidirectional roving E-glass, and
embedded in a polymeric matrix was chosen for this study. Stress strain curves are generated for these
dually reinforced systems in transverse, axial and shear modes to calibrate the nonlinear parameters for
computational models. Photomicroscopy was also used to characterize the microsctructure to calibrate
the micromechanical constitutive model. All three models are then validated under a multi-axial state of
stress by full-field stress/strain analysis via Digital Image Correlation (DIC) and Thermoelastic Stress
Analysis (TSA) of open-hole specimens. The results show that all of the models match the full-field TSA
and DIC results under a multi-axial state of stress; however, the Anisotropic Potential Theory (APT)
model based on the work of Hahn Tsai showed more response at stress concentrations than the
Anisotropic Deformation Theory (ADT) model based on the work of Hashin. Differences may have
resulted from the correction scheme implemented in the APT model. Also the Nine-Cell micromechanical
model in this study based on the work of Haj-Ali et al. was developed for comparison with the APT and
ADT macromodels. The macromodels and micromodel presented here were implemented in ABAQUS
user material subroutines, and are beneficial for analysis and design of structures with soft fiber con-
stituents that have a nonlinear axial response.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Hybrid fiber reinforced plastic (FRP) are composite material
systems that can combine different forms of reinforcement layers,
such as fibrous roving, continuous fillament mats (CFM), woven
fabrics, and braided preforms. The reinforcement combination is
usually repeated through the thickness of the cross-section of a flat
member. Fibrous materials can be made of carbon, glass, aramid,
natural fibers, yarns, fabrics etc. Matrix materials are commonly

made of polyester or vinylester resin that includes additives such as
glass microspheres and clay particles. Pultruded composites can
include thin and thick-walled members (1/16e1 in.) having similar
shapes to the standard steel beam shapes, such as wide-angle,
channels, and angle sections. Recently, FRP pultruded composite
materials have been widely applied for civil and infrastructural
engineering applications, such as bridges, transmission towers, and
structural components of buildings.

The demand for natural fiber composite systems is increasing,
e.g., due to legislation for partially decomposable or compostable
vehicles to reduce landfills. Many car manufacturers are using this
“green” technology not only because it can be marketed as “green”,
but also because natural fiber systems can provide improved stiff-
ness, weight, and insulation at lower cost than glass fibers [1]. In a
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E-mail addresses: shane.johnson@sjtu.edu.cn (S. Johnson), hazizan@eng.usm.my

(H.M. Akil).
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a b s t r a c t

Several recent developments have shown that introducing sinusoidal patterns on square section auto-
motive crash absorber beams increased the energy absorption. This paper studies the behaviour of
patterned circular tubes when used as crash absorbers. The effect of varying parameters of radial and
longitudinal geometrical pattern frequency on internal energy absorption and energy absorption effec-
tiveness factor is also studied in this work. Different types of patterns were simulated in axial impacts in
which two geometrical pattern frequencies (radial and longitudinal) are multiplied. A numerical in-
vestigation was carried out using the commercially available LS-DYNA™ solver. The investigation was
verified using existing analytical models. Results indicate that the circular sinusoidal patterned tubes
behave better in energy absorption in axial impact. However, circular tubes have an altogether different
collapse mode therefore the pattern formation has to be modified and optimized differently as compared
to square beams. A new set of patterns named as CBC patterns is proposed in the study which increased
the energy absorption of circular tubes significantly. An increase of about 36.86% in energy absorption is
noted and energy absorbing efficiency factor is escalated from 2.23 to 3.05 in the best case. This research
may further endorse the feasibility of using sinusoidal patterned tubes in mainstream engineering ap-
plications.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

An automotive crash absorber is a system used to convert ki-
netic energy into absorbed internal energy during a car accident.
There are several types of collapsible impact energy absorbers
used in industry. Aluminium thin walled tubes are commonly used
structural members in the crumple zones. Thin walled tubes offer
advantages like high stiffness, high strength to weight ratio and
high impact energy dissipation.

There are different principal modes of collapse for thin walled
tubes: axial crushing, bending, lateral flattening, lateral indenta-
tion, splitting and inversion. In real life automotive accidents,
collapses are a combination of these modes. It is very important to
study the performance of thin walled tubes in axial collapse as it is
prime mode of collapse.

The behaviour of thin walled circular tubes under axial impact
has been extensively researched. In one of the fundamental stu-
dies on the subject, Alexander [1] worked on a rigid plastic

analysis and gave the expression for the mean crushing load of an
extensible thin walled cylinder. Abramowicz and Jones [2] im-
proved Alexander's model for average crushing load of thin walled
cylinder for the concertina mode of deformation. Reid [3] per-
formed experiments on axially compressed metal tubes and this
validated the previous work by Abramowicz and Jones in which
there was good agreement.

Pugsley et al. [4–5] studied the diamond collapse mode of thin
walled cylindrical tubes and proposed a new model for the dia-
mond mode of deformation which is based on row folding of a
number of diamonds. A newmodel for calculation of average crush
force was also proposed in the study. Jones [6] studied the quasi-
static analysis and its transition to dynamic and global bending.

Many innovative solutions have also been proposed in litera-
ture in order to improve energy absorption capability of thin
walled cylindrical crash absorbers. Reddy et al. [7–8] filled the
circular tube with foam and wood and studied their behaviour
under axial compression. Reid et al. [9–10] developed a structural
plastic shock model for one dimensional ring systems and studied
the performance of braced metal tubes. Carney III et al. [11]
worked on stiffened metallic tubes and determined the
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ABSTRACT−Torque is one of the most important control factors for a vehicle’s motion. Compared with internal combustion

engines, electric motors can have a more accurate torque feedback which brings a lot of advantages to vehicle dynamics and

stability control. However, motors used in electric vehicles are facing more difficult conditions than those in conventional

applications, such as extreme high/low temperature changing, vibration, aging, etc. The variation of motor parameters due to

harsh working conditions can lead to serious problems for motor torque estimation and thus dynamic control of electric

vehicles. In this paper, a new method using kriging to estimate the back EMF and thus accurately calculate motor torque in

an on-line fashion is presented. With motor speed and rotor position as inputs, kriging predicts back EMF as the output that

is used to calculate the motor torque with three phase currents. Using this novel method, motor torque can be accurately

calculated even facing high/low temperatures or aging conditions. Experimental tests under the high temperature have been

conducted to verify the applicability of the proposed method.

KEY WORDS : Electric vehicle, Torque, BLDC, Kriging, On-line

1. INTRODUCTION

One of the most fundamental differences between electric

vehicles (EVs) and conventional vehicles is that EVs can

use one or more electric motors as the major source of

propulsion, instead of internal combustion engines. Motion

control, in this regard, is one of the most important

technologies to provide quick response and high accuracy

control of EVs (Ohnishi et al., 1996). With excellent

control capabilities via multiple electric drive motors, EVs

could not only be clean, but also be able to achieve high

levels of safety, maneuverability and riding comfort that

cannot be reached with conventional internal combustion

engine vehicles (ICEVs) (Saitoh et al., 2004; Ma et al.,

2011; Hori, 2004; Yin and Hu, 2014; Wang et al., 2014;

Lian et al., 2015). The distinct advantages of well-

controlled electric motors over internal combustion engines

include fast torque response, simple dynamics, and easy-to-

obtain torque feedback. 

For example, EVs with distributed driving force (in-

wheel motors, as shown in Figure 1, close-wheel motors,

etc.), can have better motion control performance than

vehicles only using internal combustion engines or central

drive motors (as shown in Figure 2) (Hori, 2004). Antilock

Braking System (ABS) and Traction Control System

(TCS) can be realized more accurately without additional

hardware in EVs (Cai et al., 2010). By making full use of

this unique advantage, high-performance motion control of

EVs can be realized with more flexible and simplified

configurations (Hori, 2004). However, to utilize those

advanced motion control technologies, accurately

calculating or measuring the motor torque is very critical

and necessary.

On the other hand, motors used in EVs are facing more

difficult problems than those in conventional applications

which will lead to unstableness and variation of motor

parameters. For example, the temperature can vary

significantly during the working time of EVs, which can

seriously affect motor performance (Liu et al., 2012).

Vibration is also a common problem for motors used in a

vehicle, which cannot be neglected either. Furthermore,

vehicles are designed to be used for years or even decades.

In this regard, the aging effect can also become a critical

problem for driving motors. As a result, motor parameters

can change significantly under those different working

conditions. More importantly, motor life will be affected

too which can increase the possibility of sudden failures

that are unacceptable for any fast-moving vehicle. The

variation of motor parameters, due to different working

conditions, leads to serious problems for motor torque

estimation and thus dynamic control of EVs. If controllers

of motors used in EVs are not provided with accurate*Corresponding author. e-mail: mxu@sjtu.edu.cn
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A Novel Sequential Multi-
Objective Optimization Using
Anchor Points in the Design
Space of Global Variables
Multi-objective problems are encountered in many engineering applications and multi-
objective optimization (MOO) approaches have been proposed to search for Pareto solu-
tions. Due to the nature of searching for multiple optimal solutions, the computational
efforts of MOO can be a serious concern. To improve the computational efficiency, a
novel efficient sequential MOO (S-MOO) approach is proposed in this work, in which
anchor points in the design space for global variables are fully utilized and a data set for
global solutions is generated to guide the search for Pareto solutions. Global variables
refer to those shared by more than one objective or constraint, while local variables
appear only in one objective and corresponding constraints. As a matter of fact, it is the
existence of global variables that leads to couplings among the multiple objectives. The
proposed S-MOO breaks the couplings among multiple objectives (and constraints) by
distinguishing the global variables, and thus all objectives are optimized in a sequential
manner within each iteration while all iterations can be processed in parallel. The com-
putational cost per produced Pareto point is reduced and a well-spread Pareto front is
obtained. Six numerical and engineering examples including two three-objective prob-
lems are tested to demonstrate the applicability and efficiency of the proposed approach.
[DOI: 10.1115/1.4034671]

Keywords: multi-objective optimization, anchor points, sequential optimization

1 Introduction

Engineering systems nowadays are becoming more complicated
with multiple disparate and conflicting objectives. Designers or
decision makers have to make trade-offs in order to determine the
final solutions which constitute the Pareto front, and multi-
objective optimization (MOO) plays an important role solving
these complex problems. There are generally two categories of
MOO approaches, gradient-based methods and metaheuristic
(nongradient-based) methods [1–3]. Gradient-based methods usu-
ally conduct multiple single-objective optimizations (SOOs),
while metaheuristic methods can solve one single but larger MOO
problem correspondingly.

The simplest gradient-based MOO method is the weighted sum
(WS) method [4,5]. However, the WS approach is not able to find
the Pareto solutions if they lie on the nonconvex portion of the
Pareto front, and the uniform distribution of the Pareto solutions
cannot be guaranteed [6]. Another classical approach is the e-
constraint method [7] which is able to find the nonconvex portion
of the Pareto front, but the solution depends a lot on the e vector.
The normal-boundary intersection (NBI) approach [8] is able to
produce an evenly distributed set of points on the Pareto front and
is independent of the function scales. Another approach able to
find an evenly distributed Pareto front is the normalized normal
constraint (NNC) method [9], in which a Pareto filter algorithm is
applied to remove dominated solutions. In Ref. [10], an improved
NNC approach is proposed which is able to find a complete and
even distributed Pareto front. All of these approaches, except WS,
optimize only one objective and transform the other objectives
into constraints when searching for Pareto solutions.

Gradient-based approaches, as the name implies, require the
gradient (or derivative) information of the functions, thus the
functions should be continuous and differentiable. For some
approaches, such as sequential quadratic programming (SQP), the
functions should also be twice differentiable. Since gradient infor-
mation is utilized, this kind of approaches is generally computa-
tionally efficient. However, usually the obtained solutions are
locally optimal, unless the problem is convex.

Metaheuristic methods, on the other hand, do not require the
gradient information. Generally, heuristic methods are more com-
putationally expensive compared to gradient-based approaches.
However, it is possible that solving one but larger optimization
problem is less expensive than solving multiple smaller ones since
the typically higher cost of metaheuristic methods can be offset
by the fact that they only have to be done once. Genetic algo-
rithms (GAs) [11,12] and evolutionary algorithms (EAs) [13,14]
including deferential evolution (DE) approaches [15] are the most
popular heuristic methods, which can obtain solutions that con-
verge to or at least be close to the globally optimal solutions even
though the optimality cannot be proved. NSGA-II [16] is a well-
developed MOO approach based on GA. Other MOO approaches
based on GA and EA are proposed and used, such as Refs.
[17–24]. Multi-objective differential evolution (MODE)
approaches are proposed in Refs. [25,26]. To take advantages of
both gradient-based and heuristic approaches, some hybrid
approaches are presented in the literature [27–31]. The computa-
tional efforts of those methods are usually very high due to the
nature of those population-based solvers.

In a multi-objective problem, a portion of design variables are
shared by more than one objective or constraints and they can be
referred as global variables, while variables that appear only in
one objective function and constraints associating with that objec-
tive are called local variables. None of the above-mentioned
approaches distinguish between global and local variables during
the optimization process. As a matter of fact, it is the existence of
global variables that makes the multiple objectives coupled with
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Robust Optimization With
Parameter and Model
Uncertainties Using Gaussian
Processes
Uncertainty is unavoidable in engineering design, which may result in variations in the
objective functions and/or constraints. The former may degrade the designed perform-
ance while the latter can even change the feasibility of the obtained optimal solutions.
Taking uncertainty into consideration, robust optimization (RO) algorithms aim to find
optimal solutions that are also insensitive to uncertainty. Uncertainty may include varia-
tion in parameters and/or design variables, inaccuracy in simulation models used in
design problems, and other possible errors. Most existing RO algorithms only consider
uncertainty in parameters, but overlook that in simulation models by assuming that the
simulation model used can always provide identical outputs to those of the real physical
systems. In this paper, we propose a new RO framework using Gaussian processes, con-
sidering not only parameter uncertainty but also uncertainty in simulation models. The
consideration of model uncertainty in RO could reduce the risk for the obtained robust
optimal designs becoming infeasible even if the parameter uncertainty has been consid-
ered. Two test examples with different degrees of complexity are utilized to demonstrate
the applicability and effectiveness of our proposed algorithm. [DOI: 10.1115/1.4034222]

Keywords: robust optimization, parameter uncertainty, model uncertainty, gaussian
process

1 Introduction

Real engineering applications inevitably involve uncertainty.
The existence of uncertainty may lead to variations in objectives
and/or constraints, which may degrade the objective performance
and/or even change the feasibility of optimal solutions obtained
using deterministic models and parameters. Ignoring uncertainty
in the design optimization problems thus may cause inappropriate
decision-making, low robustness and reliability, high cost, and
even catastrophe failure [1,2]. Taguchi first proposed the concept
of robust design, accounting for performance variations due to
uncontrollable uncertainty in parameters [3]. Researchers there-
after make further development in robust design approaches, for
example, in the literature [4–7].

Uncertainty can generally be classified into two categories, ale-
atory and epistemic [8,9]. Aleatory uncertainty, which is objective
and unreducible, refers to the inherent variation associated with
the physical system or environment [10]. Epistemic uncertainty,
on the other hand, is subjective and reducible, reflecting the lack
of knowledge or information about the nature of physical systems
[11]. Parameter uncertainty can be either aleatory or epistemic in
physical systems [12]. If a parameter has aleatory uncertainty, it is
usually treated as a random variable following a specific probabil-
ity distribution [13]. If epistemic, it can be handled by probability
theory or nonprobability theories, such as evidence theory [14],
possibility theory [15], and fuzzy set theory [16]. Intervals with
evidence theory interpretation have been widely used to represent
epistemic parameter uncertainty. According to how parameter
uncertainties are modeled, researchers proposed probability-based
robust optimization (RO) approaches [5,17,18] and interval-based
RO approaches [6,7,19–21], respectively. In this work, we con-
sider parameters with interval uncertainty.

Numerous RO approaches have been proposed in the literature.
For example, considering interval uncertainty in parameters, Li
et al. [6] proposed a RO technique where robustness measures are
used to ensure objective robustness and feasibility robustness. The
proposed RO method has a double-looped optimization structure
[6], where the outer loop optimization searches the optimal point
and the inner loop optimization verifies the robustness of the can-
didate solution. However, most RO approaches use mathematical
functions implemented in computer codes, so called simulation
models or computer models, to predict the performance of real-
world physical systems. Due to the rapid development of com-
puter power, computer models have been widely used to simulate
and analyze real systems in many fields of science and technol-
ogy, for the reason that physical experiments can be too expensive
and time-consuming to conduct or even simply impossible such as
in the case of weather-forecasting [22]. Simulation-based design
approaches are developed based on the hypothesis that the simula-
tion model could represent the real physical system perfectly.
However, it cannot be true since there always exist various types
of uncertainties in the simulation models [23], including parame-
ter uncertainty, model uncertainty, and other random errors. Dif-
ferent with parameter uncertainty, model uncertainty refers to
model discrepancy, bias, or inadequacy, which is formally defined
as the difference between the true value of the real-world process
and the code output of the simulation model at the same value of
inputs [23]. To build and enhance the confidence of simulation
models, several inferential techniques and modeling frameworks
have been widely adopted and developed, such as calibration
[23–25], verification and validation [26–30]. Kennedy and
O’Hagan described the details of calibration and showed how to
consider model uncertainty in calibration and in subsequent pre-
dictions of the physical system [23]. Recent studies on verification
and validation in computational physics has been reviewed in Ref.
[27], which also provides an extensive discussion on verification
and validation, and implementation issues to improve the confi-
dence in computational predictive capability. With these methods,
the difference between the computer model and the real system
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A Sequential Robust
Optimization Approach for
Multidisciplinary Design
Optimization With Uncertainty
One real challenge for multidisciplinary design optimization (MDO) problems to gain a
robust solution is the propagation of uncertainty from one discipline to another. Most
existing methods only consider an MDO problem in the deterministic manner or find a
solution which is robust for a single-disciplinary optimization problem. These rare meth-
ods for solving MDO problems under uncertainty are usually computationally expensive.
This paper proposes a robust sequential MDO (RS-MDO) approach based on a sequen-
tial MDO (S-MDO) framework. First, a robust solution is obtained by giving each disci-
pline full autonomy to perform optimization without considering other disciplines. A
tolerance range is specified for each coupling variable to take care of uncertainty propa-
gation in the coupled system. Then the obtained robust extreme points of global variables
and coupling variables are dispatched into subsystems to perform robust optimization
(RO) sequentially. Additional constraints are added in each subsystem to keep the consis-
tency and to guarantee a robust solution. To find a solution with such strict constraints,
genetic algorithm (GA) is used as a solver in each optimization stage. The proposed RS-
MDO can save significant amount of computational efforts by using the sequential opti-
mization procedure. Since all iterations in the sequential optimization stage can be proc-
essed in parallel, this robust MDO approach can be more time-saving. Numerical and
engineering examples are provided to demonstrate the availability and effectiveness of
the proposed approach. [DOI: 10.1115/1.4034113]

Keywords: MDO, robust optimization, interval uncertainty, sequential approach

1 Introduction

Nowadays, engineering systems are getting more complex and
involving several disciplines interacting with each other. This
phenomenon leads to the rapid growth of MDO methods. MDO is
a field of engineering design focusing on using optimization meth-
ods for the design of systems which involve a number of coupled
disciplines. Typically, there are two kinds of structures in MDO
formulations, single-level and multilevel structures. In the single-
level structure, the MDO problem is solved in a single optimiza-
tion problem. Multidisciplinary feasibility, individual discipline
feasibility (IDF), and all-at-once [1] are three typical MDO meth-
ods solving the problems in a single-level structure. While in the
multilevel structure, the same MDO problem is decomposed into
multiple optimization subproblems with local subsets of variables
and constraints. Concurrent subsystem optimization (CSSO) [2],
bilevel integrated system synthesis [3], collaborative optimization
(CO) [4–6] and analytical target cascading (ATC) [7] are typical
ones. All these approaches are reviewed in detail using unified
description in the literature [8]. In Ref. [9], an approach called
S-MDO is proposed. In this approach, since all subproblems can
be solved in a sequential way and all iterations are independent
from each other which can be processed in parallel, its computa-
tional efficiency is much better compared to most of multilevel
MDO methods mentioned above. It provides us an efficient frame-
work to solve bilevel MDO problems with uncertainty.

Uncertainty is inevitable in real design problems. For example,
manufacturing error, dimensional tolerance, and variations in

assembly should be taken into account in the design of internal
combustion engines. Thus, many robust design methods have
been proposed to get a robust optimal design in order to avoid
unexpected loss. Since the robust design concept was firstly pro-
posed by Taguchi [10], many progresses on RO can be seen in the
literature, for example, Ref. [11–14]. Among them, Li and Azarm
proposed a quantitative measure of robustness to account for inter-
val uncertainty [15], based on the concept of the sensitivity region
[16]. By using the robustness index defined in Ref. [15] and add-
ing one more constraint, the robust solution is ensured for an opti-
mization problem under interval uncertainty.

In MDO problems, uncertainty in parameters and mathematical
models not only can degrade the performance of one discipline
itself but also can propagate across disciplines. Integrating the
concept of RO and MDO has a great potential to overcome this
critical issue. A probabilistic ATC is presented to solve multilevel
optimization problems under uncertainty [17]. An efficient uncer-
tainty analysis method developed in Ref. [18] estimates the mean
and variance of system performance and improves the efficiency
of robust design in MDO. Uncertainty-based MDO (UMDO) has
been reviewed in Ref. [19], including CO-based UMDO, CSSO-
based UMDO, and ATC-based UMDO. A MDO method based on
robust design techniques called MORDACE was proposed in
Ref. [20]. In this approach, different discipline optimization prob-
lems are conducted independently to find optimal solutions and to
decide a compromise on global variable values, and the robust
solution is found by adding a new objective function which is the
sensitivity of objective values to variations of global variables.
However, effects of coupling variables are not taken into account
in the independent optimization processes. The method proposed
in literature [21], named IDF-PCE, iteratively constructs the poly-
nomial chaos expansions to represent the couplings between disci-
plines. This method based on IDF is claimed to be able to ensure

1Corresponding author.
Contributed by the Design Automation Committee of ASME for publication in

the JOURNAL OF MECHANICAL DESIGN. Manuscript received February 29, 2016; final
manuscript received June 8, 2016; published online September 12, 2016. Assoc.
Editor: Samy Missoum.

Journal of Mechanical Design NOVEMBER 2016, Vol. 138 / 111406-1CopyrightVC 2016 by ASME

Page 58



4266 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 63, NO. 7, JULY 2016

A Game Theory Approach to Energy
Management of An Engine–Generator/

Battery/Ultracapacitor Hybrid Energy System
He Yin, Student Member, IEEE , Chen Zhao, Student Member, IEEE , Mian Li,

Chengbin Ma, Member, IEEE , and Mo-Yuen Chow, Fellow, IEEE

Abstract—The complex configuration and behavior of
multisource hybrid energy systems (HESs) present chal-
lenges to their energy management. For a balanced
solution, it is especially important to represent and take
advantage of the characteristics of each device and the
interactive relationship among them. In this paper, multi-
agent modeling and a game theory-based control strategy
are proposed and combined for the energy management
of an example engine–generator/battery/ultracapacitor
(UC) HES. The three devices such as engine–generator
unit, battery and UC packs are modeled and controlled as
independent but related agents, through which the perfor-
mance and requirements of the individual devices are fully
respected. The energy management problem is then for-
mulated as a noncooperative current control (NCC) game.
The Nash equilibrium is analytically derived as a balanced
solution that compromises the different preferences of the
independent devices. The following simulation and experi-
mental results validate the game theory-based control and
its real-time implementation. The proposed approach could
be further extended to become a general solution for the
energy management and control of networked energy sys-
tems, in which again fully representing and balancing the
different preferences of the components are important.

Index Terms—Battery, engine–generator, game theory,
hybrid energy system (HES), multi-agent, ultracapacitor
(UC).

I. INTRODUCTION

T HE combination of batteries and ultracapacitors (UCs),
i.e., a hybrid energy system (HES), has been intensively

investigated in recent years [1]–[4]. However, due to the lim-
ited energy density of batteries, the battery/UC HES is still
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incapable of supplying sufficient energy for long-term applica-
tions. Further combination with an engine–generator unit, i.e., a
three-source HES, has proved to be a feasible solution. Several
strategies have been proposed for the energy management of
the HESs involving engines, especially for the applications in
hybrid electric vehicle (HEV). The power-flow control of a
four-wheel-drive series HEV is discussed in [5]. The HEV uses
a diesel-engine–generator unit, a lead-acid battery pack, and an
UC pack. Control sequences for “normal” and electric vehi-
cle “EV” modes were developed. The engine–generator unit
only operates in the “normal” mode and becomes idle during
deceleration. A “power assistance” mode is further added, in
which battery pack provides power to assist the engine and
UC pack covers the rest of the load power. The UC pack is
charged by the engine–generator unit only when its voltage
is lower than a specific value. Besides, the fuel economy was
not focused on because of the specific purpose of the target
application. Reference [6] explains the concept of a multiple-
input dc–dc power converter (MIPEC) for combining power
flow from multiple energy sources, and a relatively straight-
forward strategy was applied for the power-flow control. In
the strategy, the regenerative fuel cell generator, a main energy
source as same as the engine–generator unit, is shut off when
the power consumption is less than 20% of its rated value,
while the target battery current is constant. The UC current is
jointly determined by the UC state-of-charge (SOC) level and
the difference between the total load current request and the
current supplied by the other two energy sources. Reference
[7] gives an overview of the onboard HESs and their control
strategies (rule- and optimization-based ones) for HEVs such as
a series HEV, in which the engine–generator unit, battery and
UC packs are included. As to the control of the three-source
HES, the basic consideration is briefly described as operating
the engine at its maximum efficiency point through dynam-
ically charging and discharging the battery and UC packs.
However, no further details are provided. Meanwhile, ideally in
the engine–generator/battery/UC HES, it is desirable to oper-
ate the engine at its maximum efficiency point (i.e., constant
output power of the engine–generator unit), and the battery
pack supplies the rest of the average constant load demand
(ALD); while the UC pack covers the entire dynamic load.
Without considering physical limitations such as in size and
weight, this ideal ALD-based control has been theoretically
approved to be the most optimal energy management strategy

0278-0046 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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INTRODUCTION
The internal combustion engine (ICE) is a complex nonlinear 
multidisciplinary system, which requires the support of precision 
design and manufacturing. The development of precision design and 
manufacturing of ICEs contribute a lot to the improvement of engine 

reduction. In this case, a small change in the dimensions of key 
components may have great impacts on the cost and system 
performance of ICEs. Thus more strict requirements have been 
imposed on tolerance design.

Tolerance design is the process of determining the machining 
tolerances and manufacturing precision of the corresponding 
components during the detailed design stage of a system. If the 
tolerance is set at relatively large values, although this would make 
the manufacturing procedure easier, it will lead to the degradation of 

performance, and decrease of system reliability, thus failing to meet 
the expected targets. On the other hand, if tolerances are set too tight, 
it will lead to the increase of manufacturing costs and rejection rates. 
From this insight, if tolerances of those dimensions which have little 
or small effects on the system performance could be released to some 
extent while tolerances of those dimensions which have larger effects 
are shrunk reasonably, the manufacturing cost will decrease and the 
system performance will be improved simultaneously. As a result, 
how to determine critical and non-critical tolerances and then how to 
differentiate tolerance designs are very important to improve the 
system performance.

Traditional tolerance design is mainly based on the designers’ 
experiences, or determined by the manufacturing precision of the 
machines available, or just based on the standards. Thus for the 
traditional methods, the tolerances are not determined systematically 
and globally considering the effects that the tolerances may have on 
the system performances. Besides, although the designers of a certain 
component do not have a comprehensive understanding of the 
relationship between the tolerances and the system performance, their 
design experiences take dominant roles in the tolerance decisions, 
which will result in unreasonable designing of manufacturing 

for the system designers to determine the tolerance distributions from 
the large number of corresponding dimensions purely based on 
experience. Although existing dimension and tolerance design 
optimization methods can determine the tolerance distributions for a 
certain dimension chain or for a simple subsystem, there are rare 
studies on tolerance design for a system based on optimization. This 
is because that the effects of tolerances at the system level are not 
easy to be measured or estimated, and as more and more components 
are considered, the tolerance assignments become much more 
complex. The tolerance design problem can be considered as a 
complex multi-disciplinary optimization problem. As a result, this 
work focuses on the application of multi-disciplinary optimization 
methods on the tolerance design of a gas engine based on simulation 
and experimental data.

There are quite a few researches on how to improve the system 
performance and to decrease manufacturing costs considering 
tolerance for ICEs [1, 2, 3, 4]. However, there are few studies on how 

Multi-Disciplinary Tolerance Optimization for Internal Combustion Engines 
Using Gaussian Process and Sequential MDO Method

Jianhua Zhou, Mian LI, and Min Xu
Shanghai Jiao Tong University

ABSTRACT
The internal combustion engine (ICE) is a typical complex multidisciplinary system which requires the support of precision design and 
manufacturing. To achieve a better performance of ICEs, tolerance assignment, or tolerance design, plays an important role. A novel 
multi-disciplinary tolerance design optimization problem considering two important disciplines of ICEs, the compression ratio and 
friction loss, is proposed and solved in this work, which provides a systematic procedure for the optimal determination of tolerances 
and overcomes the disadvantages of the traditional experience-based tolerance design. A bi-disciplinary analysis model is developed in 
this work to assist the problem solving, within which a model between the friction loss and tolerance is built based on the Gaussian 
Process using the corresponding simulation and experimental data. In addition, the formulation of the compression ratio considering 
those non-critical dimensions which actually affect the friction loss is proposed. Finally the multi-disciplinary tolerance design 
optimization problem is formulated and solved using a recently developed sequential MDO (S-MDO) method.
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An Adaptive Fuzzy Logic-Based Energy
Management Strategy on Battery/Ultracapacitor

Hybrid Electric Vehicles
He Yin, Student Member, IEEE, Wenhao Zhou, Student Member, IEEE, Mian Li, Member, IEEE,

Chengbin Ma, Member, IEEE, and Chen Zhao, Student Member, IEEE

Abstract—One of the key issues for the development of electric
vehicles (EVs) is the requirement of a supervisory energy man-
agement strategy, especially for those with hybrid energy storage
systems. An adaptive fuzzy logic-based energy management strat-
egy (AFEMS) is proposed in this paper to determine the power
split between the battery pack and the ultracapacitor (UC) pack. A
fuzzy logic controller is used due to the complex real-time control
issue. Furthermore, it does not need the knowledge of the driv-
ing cycle ahead of time. The underlying principles of this adaptive
fuzzy logic controller are to maximize the system efficiency, to
minimize the battery current variation, and to minimize UC state
of charge (SOC) difference. NetLogo is used to assess the perfor-
mance of the proposed method. Compared with other three energy
management strategies, the simulation and experimental results
show that the proposed AFEMS promises a better comprehensive
control performance in terms of the system efficiency, the bat-
tery current variation, and differences in the UC SOC, for both
congested city driving and highway driving situations.

Index Terms—Adaptive, batteries, energy management strategy
(EMS), fuzzy logic, ultracapacitors (UCs).

NOMENCLATURE

μ Value of ith output level.
μcrisp Crisp output value.
Edc Energy consumed by the driving cycle.
ELoss Total energy loss of the system.
EUC Energy storage in the ultracapacitor (UC).
F1 Criteria for system efficiency.
F2 Criteria for battery current variation.
F3 Criteria for UC state of charge

(SOC) differences.
I_BatP Battery side dc/dc output current.
I_BatP Current of the battery pack.
I_UCP Current of the UC pack.
I_UCP UC side dc/dc output current.
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IBat Battery current in average load demand
(ALD) method.

OCV Open-circuit voltage in battery.
r Key adaptive parameter.
Rl,UC Parallel resistor in UC.
RS,bat Series resistor in UC.
RS,UC Series resistor in battery.
SOCbat SOC of battery.
SOCUC SOC of UC.
V _BatP Voltage of the battery pack.
V _BatPDC Battery side dc/dc output voltage.
V _UCP Voltage of the UC pack
V _UCPDC UC side dc/dc output voltage.

I. INTRODUCTION

H YBRID electric vehicles (HEVs) using an internal com-
bustion engine (ICE) and the motor(s) with a battery

pack are the main portion of the renewable energy vehicles in
the market at present (e.g., Toyota Prius, Honda Insight, and
Chevy Volt). All of them use a battery pack to supplement
downsized conventional ICEs. However, HEVs still may not
help people get rid of problems caused by burning of fossil fuel.
It is believed that such HEVs are only the intermediate products
between conventional ICE vehicles and battery electric vehi-
cles (BEVs, which use batteries as the primary energy source
without ICEs). With the rapid development of battery technolo-
gies, lithium-ion batteries today have reasonable energy density
compared with other types of batteries but become much
cheaper. It is possible to utilize them as the primary energy
storage component for automotive applications. However, lithi-
umion batteries still have disadvantages such as low-power
density and short cycle life. On the other hand, a possible
solution may be to select another energy storage component,
UC, to assist batteries, forming a hybrid energy storage sys-
tem (HESS) for EVs. UCs have high-power density, long cycle
life, quick dynamic response but low-energy density, which are
opposite toward batteries. So, the combination of them is antici-
pated to complement one another [1], [2]. Currently, HESSs are
preferred because multiple design dimensions allow synergy
among different energy sources and this kind of cooperation
usually promises better vehicle system performance than those
with a single-energy storage source. Since there are two dimen-
sions for design in HESS, an energy management strategy

2332-7782 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Redundancy Allocation for
Multistate Systems With
Component Dependencies
and Load Sharing
Binary-state and component independent assumptions will lead to doubtful and mislead-
ing redundancy allocation schemes which may not satisfy the reliability requirements for
real engineering applications. Most published works proposed methods to remove the
first assumption by studying the degradation cases where multiple states of a component
are from the best state to the degradation states then to the completely failed state. Fewer
works focused on removing the second assumption and they only discussed dependent
failures which are only a special case of component dependency. This work uses the
Semi-Markov process to describe a two-component system for redundancy allocation. In
this work, multiple states of a component are represented by multiple output levels, which
are beyond the scope of degradation, and the component dependency is not limited to
failure dependency only. The load sharing is also taken care of in the proposed work.
The optimal redundancy allocation scheme is obtained by solving the corresponding
redundancy allocation optimization problem with the reliability measure, the system
availability, obtained through the Semi-Markov process model being constraint. Two
case studies are presented, demonstrating the applicability of the propose method.
[DOI: 10.1115/1.4034108]

Keywords: redundancy allocation, multistate systems, component dependency, semi-
Markov process

1 Introduction

Reliability, defined as the ability of a system to perform its
required function under stated conditions [1], is an important
design requirement of a system. Without high reliability, systems
may undergo frequent failures, which will cause huge economic
loss and affect the society as a whole. Moreover, as systems nowa-
days are becoming more and more complex, system repairs may
take a lot of time and efforts, causing large downtime loss and
repair cost. Thus, improving system reliability has become a cru-
cial and indispensable topic in system design.

To improve the system reliability, two types of approaches are
generally used [2]: inherent design (i.e., to use new material, new
components, or reliability-based design [3,4]) and redundancy
allocation (i.e., to add redundant components to the system).
When system reliability cannot be achieved by the inherent
design, adding redundancies becomes the only practical choice
[2]. Thus, compared to the inherent design, redundancy allocation
has relatively wider applications [5].

To optimally allocate redundant components to a system, the
redundancy allocation problem should be solved. The redundancy
allocation problem is a type of design optimization problems try-
ing to find the optimal redundancy allocation scheme to maximize
the system reliability under the constraint on cost or to minimize
the total cost under the constraint on the system reliability [5].

As pointed out in the literature [5], the redundancy allocation
problem is traditionally solved under two simplified assumptions.
The first assumption considers only two states for each component
and the entire system, the fully operational state and the com-
pletely failed state (such as literatures [6,7]). The second

assumption assumes that the components in a system are all inde-
pendent and they do not affect each other. These two assumptions
may bring inaccuracies for reliability estimations and conse-
quently lead to doubtful or misleading optimal redundancy alloca-
tion solutions [5].

To be specific, first of all, in real applications, a component in a
system can have multiple states. For example, if the component
suffer from degradations, fatigue or wear outs, then except the
fully operational state and completely failed state, it can perform
at other states in between, such as the partial failure state (i.e., the
component or the system is still working, but at a reduced per-
formance level) [8]. Even if the component does not suffer from
degradation or wear outs, it also can perform at different levels
(e.g., in terms of power or capacity), and the reliabilities of the
component are different correspondingly. For instance, the fan for
the heat dissipation [9] can blow at different speeds, such as the
high, medium, and low speeds. At different speeds, the reliability
measurements of the fan can be different. For both of those two
scenarios, the reliabilities of a component at different states are
different. Thus, only assuming two states for each component
seems unreasonable.

For the second assumption, in fact, most of components in real
mechanical systems have dependencies, such as dependent fail-
ures like common cause failure (i.e., several component failures
caused by a single common cause) and load sharing (i.e., when
the load is shared by several components, one component failure
will increase the stress for other surviving components, thus
increasing the failure rates of surviving components) [10]. If the
component dependencies are ignored, the reliability estimations
of the system may be over-estimated, thus, the obtained optimal
redundancy allocation schemes may not meet the requirement,
which should be avoided for reliability critical applications [11].
Thus, both two simplified assumptions should be removed in solv-
ing redundancy allocation problems.

To remove the first assumption, multistate redundancy alloca-
tion problems are solved in many research works. Because
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Uncertainties, inevitable in nature, can be classified as probabil-
ity based and interval based uncertainties in terms of its represen-
tations. Corresponding optimization strategies have been
proposed to deal with these two types of uncertainties. It is more
likely that both types of uncertainty can occur in one single prob-
lem, and thus, it is trivial to treat all uncertainties the same. A
novel formulation for reliability-based design optimization
(RBDO) under mixed probability and interval uncertainties is
proposed in this paper, in which the objective variation is con-
cerned. Furthermore, it is proposed to efficiently solve the worst-
case parameter resulted from the interval uncertainty by utilizing
the Utopian solution presented in a single-looped robust optimiza-
tion (RO) approach where the inner optimization can be solved by
matrix operations. The remaining problem can be solved utilizing
any existing RBDO method. This work applies the performance
measure approach to search for the most probable failure point
(MPFP) and sequential quadratic programing (SQP) to solve the
entire problem. One engineering example is given to demonstrate
the applicability of the proposed approach and to illustrate the
necessity to consider the objective robustness under certain cir-
cumstances. [DOI: 10.1115/1.4034346]

Keywords: reliability, optimization, objective variation, mixed
probabilistic and interval uncertainties

1 Introduction

Uncertainty in the input parameters will propagate to the out-
puts which may consequently exhibit some degree of degradation.
Therefore, uncertainty has to be quantified and analyzed during
optimization. The most applicable mathematical model to

quantify uncertainty is based on probability theory [1], and
reliability-based design optimization (RBDO) has been developed
to address the effects of uncertainties on the system performance
[2,3]. The first- and second-order reliability methods (FORM and
SORM) are two widely applied RBDO approaches.

Probability-based uncertainty fully utilizes the known infor-
mation and may avoid conservative design. However, to accu-
rately build the probability distributions, lots of data and
information are needed, which hinder this approach from being
applied in the case where there is insufficient data or imprecise
information. As a result, other uncertainty models are pro-
posed, such as models based on possibility theory [4,5], fuzzy
set theory [6,7], evidence theory [8], and interval analysis
[9–13].

Of all the above mentioned alternative uncertainty models, the
interval model is an appropriate choice to characterize the uncer-
tainty in real-world situations [14]. Robust optimization (RO)
deals with problems with interval uncertainties [15]. Numerous
RO approaches have been developed as reviewed in Ref. [15]. In
Refs. [16,17], the worst-case RO formulation dealing with interval
uncertainty is proposed. Nevertheless, RO will obtain a conserva-
tive solution if it treats the available stochastic uncertainty the
same way as interval uncertainty. Therefore, it is necessary to
consider the mixed probabilistic and interval uncertainties concur-
rently in structural design problems, and quite a number of
approaches handling this type of problems are proposed, e.g., see
Refs. [14,18–21].

Most of the existing approaches dealing with mixed probabilis-
tic and interval uncertainties are formulated under the frame of
RBDO, thus they only consider the reliability bounds or the
worst-case reliability of the performance function resulted from
the interval uncertainty. In fact, the existence of interval uncer-
tainty also results in a bounded mean objective value as concerned
in the RO formulation, and taking into consideration of the mean
objective variation will ensure the performance consistency of the
structural system.

In this paper, a novel optimization structure is proposed that
makes the best use of the available information to determine
the worst-case reliability (and the reliability bounds if neces-
sary) and also takes the mean objective variation into consider-
ation. Since the probabilistic and interval uncertainties follow
totally different distributions, they should be treated separately
during the optimization procedure. The efficient single-looped
RO algorithm proposed in Ref. [22] is utilized to solve for the
worst-case parameter, and then, the MPFP is determined based
on FORM. Finally, the formulated problem can be solved
using SQP. Although only the worst-case reliability is calcu-
lated in the proposed formulation, the reliability bounds can
also be obtained with the easy implantation of the proposed
approach. The computational efficiency has been improved sig-
nificantly based on the observation on the results from this
work. The focus of the present paper is the application of the
Utopian solution to determine the worst-case parameter varia-
tions for interval uncertainties and also consideration of the
objective robustness under the mixture of probabilistic and
interval uncertainties.

2 Reliability Analysis Under Mixed Probabilistic and
Interval Uncertainties

The formulation of reliability-based design optimization
(RBDO) problem with mixed probabilistic and interval uncertain-
ties is shown in the following equation:

min hðd; lX;YÞ
s:t: Prfgjðd;X;YÞ � 0g � Rj; j ¼ 1; 2; :::; J

(1)

where d is the vector of design variables, X is the vector of ran-
dom variables with mean values lX, Y is the vector of variables
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Guest Editorial
Special Section on Networked Energy Systems:

Architectures, Communication,
and Management

DUE to the limitations in energy density, power density, re-
liability, and cycle life, batteries alone often cannot meet

load requirements efficiently and continuously. A hybrid en-
ergy system, formed by combining multiple energy storage de-
vices [e.g., battery, ultracapacitor, flywheel, and fuel cell] and
generators [e.g., microturbine, wind turbine, and photovoltaic
panel], has proved to be a feasible solution to meet the energy
and power requirements with improved efficiency, flexibility,
and reliability. Meanwhile, since the system configuration and
behavior of the hybrid system become more complex, the opti-
mized management and control of a hybrid energy system are
still a challenging task. Its complexity further increases consid-
ering the interactions with various load dynamics [e.g., electric
vehicles (EVs) and homes] and the grid. Such a system is ac-
tually a new type of network in which devices exchange both
information and power along links/connections. For the man-
agement of these complicated networked energy systems, new
approaches are needed to fully take advantage of the character-
istics of the individual devices and the interactive relationship
among them, and thus improve the performance of the systems
in terms of efficiency, flexibility, scalability, fault tolerance, and
reliability.

This special section on “Networked Energy Systems: Archi-
tectures, Communication, and Management” is focused on the
development, adoption, and application of design, communi-
cation, energy management, and control technologies for net-
worked energy systems. Topics include, but are not limited to,
the following research topics and technologies:

1) architectures/topologies and designs of networked en-
ergy systems;

2) devices, interfaces, and technologies for power distribu-
tion/transfer, e.g., wired and wireless;

3) interaction and communication among devices, loads,
and the grid;

4) state measurement, estimation, and monitoring;
5) component and system-level modeling and analysis;
6) system-level energy management and control;
7) intelligent distributed autonomous energy systems;
8) design and management of charging facilities, e.g., for

EVs and smart homes;
9) design and control of large energy storage systems, e.g.,

with hundreds of or even more cells;

Digital Object Identifier 10.1109/TII.2016.2606250

10) security, reliability, and scalability of networked energy
systems;

11) innovative application areas.
We received many papers from different research groups and

variety of perspectives for this special section. After a thorough
evaluation of the papers by expert reviewers in the related fields,
the editorial board chose seven papers to be included in this
special section. These papers, as will be explained in more detail
in the following, are well-written representatives of the state-of-
the-art communication, control and management technologies
in the area.

First, in a large-scale networked energy system such as a
microgrid (MG) or smartgrid (SG), the distributed generation
requires a resilient communication system allowing collabora-
tive operation of all the grid elements. Energy storage systems
are also important to compensate the intermittent nature of the
renewable energy sources. To address this issue, in [1], hardware
and software architectures are proposed for real-time monitor-
ing, communication, and control of a dc/ac MG with energy stor-
age capabilities. The architecture uses a hybrid approach based
on both distributed and centralized calculations. The distributed
measurement and processing units implement calculations at a
10 kHz sampling frequency, and have a TCP/IP communica-
tion link with a central server running the power flow control.
The final system has a relatively low burden on the communi-
cations network and is fully scalable. The proposed architecture
is experimentally tested in a laboratory environment.

Today batteries are widely used as a major power source or
auxiliary device. In order to further improve the performance,
efficiency, reliability, and dynamic response, a popular solution
is to combine the batteries and ultracapacitors, i.e., a hybrid en-
ergy storage system (HESS). Shen and Khaligh [2] discuss the
control and implementation aspects of a battery-ultracapacitor
HESS. Two real-time energy management control strategies are
studied, which are based on the Karush-Kuhn-Tucker (KKT)
conditions and neural network (NN), respectively. It is found
that the NN-based approach achieves improved robustness and
better performance in terms of the battery state-of-health (SoH),
while the KKT conditions-based control explicitly provides an
optimal current split, which enables straightforward real-time
implementation with low computational load. The experimental
results show effective suppression of the battery peak current
in both cases, which consequently lessen the battery SoH re-
duction by 31% and 38%, respectively, using KKT-based and
NN-based energy management strategies, in comparison to a

1551-3203 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Quantitative Efficiency and Temperature Analysis
of Battery-Ultracapacitor Hybrid Energy

Storage Systems
Chen Zhao, Student Member, IEEE, He Yin, Student Member, IEEE, and Chengbin Ma, Member, IEEE

Abstract—This paper provides quantitative analysis on system
efficiency and battery temperature rise in battery-alone system,
passive, battery semiactive, and capacitor semiactive hybrid en-
ergy storage systems (HESSs). First the system efficiencies and the
temperature rises in battery are derived under a pulsed load pro-
file and the four different topologies. Sensitivity analysis is then
performed to investigate the influences of the factors (the charac-
teristics of the load profile, the state of charge of battery, and the
efficiency of the dc-dc converter) on the four energy storage sys-
tems. The proper usage of the HESSs is discussed later based on the
results of the sensitivity analysis. It is found that in the most cases
the capacitor semiactive HESS is superior in both system efficiency
and the suppression of the battery temperature rise. Meanwhile,
its behavior is more complicated than that of the battery semiac-
tive HESS. The battery semiactive HESS is suitable for the highly
dynamic loads, but its performance more depends on the efficiency
of the dc-dc converter. Finally experiments are conducted that val-
idate the previous theoretical discussions.

Index Terms—Battery, efficiency, hybrid energy storage system
(HESS), quantitative analysis, temperature, ultracapacitor (UC).

I. INTRODUCTION

THE efficient utilization of renewable energy resources
(e.g., solar and wind energy, etc.) is a crucial solution

for minimizing emission of greenhouse gases [1]. Due to the
intermittent nature of the sources, energy storage systems are
usually needed to compensate and prevent load fluctuations [2].
So far, batteries are the most popular energy storage devices to
meet the requirements of emerging applications in sustainable
energy systems such as electric vehicles and microgrids. How-
ever, dynamically changing load demand causes oversized bat-
tery packs, shortened battery cycle life, and lowered energy ef-
ficiency [3]. A possible solution is to use ultracapacitors (UCs),
an assistive energy storage device, that meet the dynamic load
demand and improve the efficiency, reliability (e.g., protection
of battery), and dynamic response of the overall system [4].
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UCs provide fast and efficient energy delivery thanks to their
high power density, two to three times higher than that of the
most batteries [5]. However, at present the energy density of
UCs is very low, less than one tenth of that of the lithium-ion
batteries [5]. Combination of batteries and UCs is considered to
be the best usage of UCs in real applications thatmeets the load
requirement and takes the advantage of the complementary fea-
tures of the two devices [6]. Various battery-UC hybrid energy
storage systems (HESSs) were developed in recent years for the
transportation and utility applications [7].

Generally there are three types of topologies for battery-UC
HESSs, passive, semiactive, and fully active topologies [8]. The
passive HESS is the simplest topology, in which batteries and
UCs are directly connected in parallel. Compared to the battery-
alone system, the passive HESS shows an obvious improvement
on peak power capability under a pulsed load profile [9]. How-
ever, the passive HESS cannot fully utilize the UCs due to the
uncontrollable current flow. By adding dc-dc converters, the
current flow can be properly distributed to improve the system
performances of both semiactive and fully active HESSs. These
active HESSs can be actively controlled to let UCs supply the
most of the dynamic load, and thus further improve the peak
power capability [10]. This advantage leads to a reduced peak
current and an extended cycle life of the batteries [11], [12].
Meanwhile, the energy loss from the dc-dc converter itself de-
grades the system efficiency [13]. Taking into account of the
loss in the dc-dc converter, the semiactive HESS is optimally
controlled and experimentally demonstrates a higher efficiency
than the battery-alone system [14], [15]. However, these exist-
ing results are all discussed under specific load profiles in target
applications. As to the knowledge of the authors, there is a lack
of a quantitative study on the performances of the battery-UC
HESSs under various topologies and operating conditions.

As discussed above, the main objectives of adopting the
battery-UC HESSs are to improve the system efficiency, bat-
tery cycle life, and the dynamic response of the energy storage
systems. It is straightforward to understand the improvement
in the dynamic response because of the large difference be-
tween the power densities of batteries and UCs. However, for
the influences on the system efficiency and the extension of the
battery cycle life, a comprehensive study is needed to quan-
titatively analyze and compare the different topologies under
a dynamic load profile. This effort is important to further un-
derstand the natures of the HESSs and guide real applications.
In the following sections, the system efficiencies and the tem-
perature rises in battery are first derived for the conventional
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Loading and Power Control for a High-Efficiency
Class E PA-Driven Megahertz WPT System
Minfan Fu, Member, IEEE, He Yin, Student Member, IEEE, Ming Liu, Student Member, IEEE,

and Chengbin Ma, Member, IEEE

Abstract—In this paper, the loading effect of a Class E
power amplifier (PA) driven 6.78 megahertz (MHz) wireless
power transfer (WPT) system is analyzed at both circuit
and system levels. A buck converter is introduced and con-
trolled to track an optimal equivalent load that maximizes
the system efficiency under uncertainties in the relative
position of coils and the final load. For power control,
an additional degree of freedom is provided by adding
an ultracapacitor bank. A control strategy is proposed to
track the maximum efficiency and charge/discharge the
ultracapacitor bank through the on/off control of the Class
E PA. Thus, high system efficiency can be maintained under
various uncertainties and load power demands. Finally, the
theoretical analysis and the control scheme are validated
in experiments. The results show that the proposed Class
E PA-driven MHz WPT system can stably achieve a high
efficiency under different coil distances and various con-
stant/pulsed power profiles. The measured highest system
efficiency can reach 72.1% at a load power level of 10 W.

Index Terms—Class E power amplifier (PA), load power
demand, maximum efficiency tracking, megahertz (MHz)
wireless power transfer (WPT), ultracapacitor (UC).

I. INTRODUCTION

W IRELESS power transfer (WPT) using inductive res-
onance coupling has become increasingly popular in

recent years. Now it is being applied to charge wearable de-
vices, cellphones, household appliances, and even electric vehi-
cles [1], [2]. Currently, WPT working at kilohertz (kHz) shows
rapid improvement thanks to the new development in power
electronics [3]–[8]. Meanwhile, it is attractive to further increase
the resonance frequency such as to several megahertz (MHz),
especially for a higher level of spatial freedom, namely a longer
transfer distance and higher tolerance to coupling coilmisalign-
ment. A higher frequency also helps to build more compact
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and lighter WPT systems. At the same time, limitations ex-
ist in the performance of power electronic devices, the usable
frequency range under the regulation of ISM (industrial, scien-
tific, and educational) band, etc. Therefore, WPT systemswork-
ing at MHz are now widely considered to be suitable for low-
power applications.

Parallel with the development of kHz WPT, MHz WPT has
also attracted wide interest. Many works can be found in anal-
ysis, design, optimization, and control of MHz WPT systems.
Circuit-level design and optimization include compensation of
coils, high-efficiency power amplifiers (PAs) and rectifiers, tun-
able circuits, etc., [9]–[15]. In terms of control, frequency tuning
is popular [16]. However, itmay violate the bandwidth constraint
of the ISM band, which is narrow at MHz [17]. Variable capac-
itors and inductors can be used to achieve dynamic impedance
matching for coils [18]–[20] and tunable inverters [21], [22].
These systems are based on switching among multiple pas-
sive components or use complicated tuning circuits. DC–DC
converters were applied to improve the robustness of the sys-
tem performance such as the efficiency [23], [24]. Besides, a
phased-array WPT system was recently proposed for efficient
power transfer and control of power delivery and leakage field
strength [25].

This paper develops a control scheme that maintains a high
efficiency of a Class E PA-driven MHz WPT system. The Class
E PA is known to be a promising power source working at high
switching frequencies thanks to its simple topology and soft-
switching property, i.e., zero-voltage switching (ZVS) and zero-
voltage-derivative switching (ZVDS) [26]–[28]. Meanwhile, in
real applications difficulties in the control arise from various
power demands and uncertainties such as variations in the rela-
tive position of coils and load characteristic. This problem be-
comes even more challenging for a WPT system driven by the
Class E PA due to the high load sensitivity of the PA [26], [29],
[30]. Furthermore, the impedance characteristics of circuits at
MHz aremuchmore complicated than those in the conventional
kHz band studied in power electronics. This difference causes
additional difficulty in achieving an optimized operation of a
MHz WPT system. New configuration, comprehensive system-
level analysis, and suitable control strategies are expected that
provide a solution to maintain a high efficiency of the WPT
system under various uncertainties and power demands.

To the knowledge of the authors, this paper represents one
of the first attempts to provide system-level analysis and opti-
mization (i.e., from source to final load) of a MHz WPT system
driven by a Class E PA. The impedance effects are particu-
larly investigated in order to derive conditions for a maximized
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E-transportation: the role of embedded
systems in electric energy transfer from
grid to vehicle
Federico Baronti1, Mo-Yuen Chow2, Chengbin Ma3,4, Habiballah Rahimi-Eichi2 and Roberto Saletti1*

Abstract

Electric vehicles (EVs) are a promising solution to reduce the transportation dependency on oil, as well as the
environmental concerns. Realization of E-transportation relies on providing electrical energy to the EVs in an
effective way. Energy storage system (ESS) technologies, including batteries and ultra-capacitors, have been
significantly improved in terms of stored energy and power. Beside technology advancements, a battery management
system is necessary to enhance safety, reliability and efficiency of the battery. Moreover, charging infrastructure
is crucial to transfer electrical energy from the grid to the EV in an effective and reliable way. Every aspect of
E-transportation is permeated by the presence of an intelligent hardware platform, which is embedded in the
vehicle components, provided with the proper interfaces to address the communication, control and sensing
needs. This embedded system controls the power electronics devices, negotiates with the partners in multi-agent
scenarios, and performs fundamental tasks such as power flow control and battery management. The aim of
this paper is to give an overview of the open challenges in E-transportation and to show the fundamental role played
by embedded systems. The conclusion is that transportation electrification cannot fully be realized without the inclusion
of the recent advancements in embedded systems.

Keywords: Battery management system, E-transportation, Electric vehicles, Energy storage system, Embedded systems

1 Introduction
E-transportation is one of the most promising technologies
to alleviate fossil fuel dependency, reduce greenhouse gas
emission, and improve energy efficiency. Providing a light,
reliable, safe, and efficient on-board electrical energy
source, as well as the required charging infrastructure, is
the main challenge in the transportation electrification [1].
Effective transfer, storage, and utilization of the on-board
energy require advanced control electronic systems embed-
ded in the electrical power components. The aim of this
paper is to give an overview of the current status and the
open challenges in E-transportation and to show the fun-
damental role played by embedded systems in the results
achieved so far. Moreover, it will be shown that advances
on embedded systems are one of the enabling factors to
further proceed toward transportation electrification.

Recent battery technology improvements in energy
density allow a vehicle to travel a reasonable trip before
recharge [e.g., 107 miles for the Nissan Leaf, or 265
miles the Tesla Model S in the Environmental Protection
Agency combined city/highway (55 % city and 45 %
highway) driving cycle test] [2]. High-power density is
also required to capture the regenerative braking energy
and to deliver the peak power during acceleration.
Sometimes, an ultra-capacitor device in parallel with the
battery is used to form a hybrid energy storage system
(HESS) [3, 4]. Because the ultra-capacitor and the bat-
tery are two energy resources with different dynamics,
features, and specifications, their integration needs an
effective energy management strategy realized by an em-
bedded system, to provide optimal performance [5].
Another fundamental embedded system is the battery

management system (BMS) needed to ensure optimal,
reliable, and safe operation of the battery in electric vehi-
cles (EVs). Typical BMS features include monitoring the
battery cells, controlling the recharge phase (with charge
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Compensation of Cross Coupling
in Multiple-Receiver Wireless Power

Transfer Systems
Minfan Fu, Member, IEEE , Tong Zhang, Xinen Zhu, Member, IEEE ,

Patrick Chi-Kwong Luk, Senior Member, IEEE , and Chengbin Ma, Member, IEEE

Abstract—Simultaneous wireless charging of multiple
devices is a unique advantage of wireless power trans-
fer (WPT). Meanwhile, the multiple-receiver configuration
makes it more challenging to analyze and optimize the
operation of the system. This paper aims at providing a
general analysis on the multiple-receiver WPT systems
and compensation for the influence of the cross coupling.
A two-receiver WPT system is first investigated as an
example. It shows that theoretically by having derived opti-
mal load reactances, the important system characteristics
can be preserved, such as the original system efficiency,
input impedance, and power distribution when there is no
cross coupling between receivers. The discussion is then
extended to general multiple-receiver WPT systems with
more than two receivers. Similar results are obtained that
show the possibility of compensating the cross coupling
by having the derived optimal load reactances. Finally, the
theoretical analysis is validated by model-based calculation
and final experiments using real two- and three-receiver
systems.

Index Terms—Compensation, cross coupling, load
reactances, multiple receivers, wireless power transfer
(WPT).

I. INTRODUCTION

D UE TO the increasing demand in charging of electronic
devices (e.g., wearable devices, cellphones, tablets, lap-

top computers, and medical implant devices), there has been
growing interest in the research and applications of the wire-
less power transfer (WPT) technologies. Simultaneous wireless
charging of multiple devices by WPT offers a unique appli-
cation advantage. However, it also presents more challenging
analysis and optimization issues on the operation of the system.
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The receiving devices such as multiple wearable devices,
cellphones, and tablets,may have very different sizes, positions,
and orientations, load characteristic, and power requirement.
For the conventional one-receiver WPT system, a lot of work
has been done on themodeling, analysis, optimization, and con-
trol at both component and system levels. Examples of such
efforts include the design of high efficiency power sources
[1], [2]; modeling, analysis, and optimized design of cou-
pling systems [3]–[5]; tunable impedance matching [6], [7];
feedback-based optimal load control [8]–[10]; and system-level
design and optimization [11]–[14].

On the other hand, less common multiple-receiver WPT
systems have also attracted some research interests. Although
there are some basic contributions reported in the literature,
the key deficiency of the current research work in this area
is the complete omission or use of highly simplistic mod-
els of the coupling effects between the coils, in particular,
the cross coupling among the receivers [15]–[25]. Initial dis-
cussions on the cross coupling and its compensation can be
found in recent years. Ref. [26] discusses the potential to
compensate the decrease in efficiency by resonant frequency
tracking or retuning lumped capacitors when more receivers
are added, with no further work subsequently reported in the
literature. A frequency tracking method is proposed in [27],
which is used in a multiple-transmitter multiple-receiver sys-
tem. While the frequency tracking method could improve the
overall performance, it cannot control the power delivered to
each individual receiver and hence the associated efficiency.
In [28], the impedance matching is proposed for individual
loads to compensate the influence of cross coupling between
the receivers, and the power distribution for a two-receiver
system is discussed. However, the proposed model does not
consider the effects of the parasitic resistances of the coils,
resulting in overall system efficiency being overestimated. In
[29] and [30], comprehensive discussions are provided on wire-
less power domino-resonator systems, i.e., multiple resonator
systems, in which only a single resonator connects the load.
Power analysis is carried out to investigate individual power
flow paths and their interactions. The purpose of multiple
relay resonators is to improve the transmission efficiency for
“midrange” applications. A multiple-receiver system with a
source coil, a transmitter, and multiple receivers is discussed
in [31]. The optimal loads are determined considering the cross
coupling between the source coil and the receivers rather than
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Quantitative Evaluation of LiFePO4 Battery Cycle
Life Improvement Using Ultracapacitors

Chen Zhao, Student Member, IEEE, He Yin, Student Member, IEEE, Chengbin Ma, Member, IEEE

Abstract—This letter develops a systematic approach to quan-
titatively evaluate and compare LiFePO4 battery cycle life im-
provement using ultracapacitors (UCs). The impact of UC sizing
on temperature rise, capacity loss, and power fade under a real
dynamic load profile are included for a comprehensive discussion
and evaluation. It is found that the cycle-related battery capacity
losses are reduced by 28.6% (C/3) and 29.0% (1C) using the
optimized number of UCs, while the reductions are 36.3% (C/3)
and 39.3% (1C) assuming an infinite number of UCs. The
reductions on the power fade are 23.6% and 57.3% for the cases
with optimized and infinite numbers of UCs, respectively. The
reductions on temperature rise, 1.38 °C and 1.93 °C, in the two
cases are also observed when discharging from 80% to 30% SOC
in one test cycle. The developed approach in the letter could serve
as a general procedure to evaluate the cycle life improvement for
other types of batteries when combined with UCs.

Index Terms—Battery, Ultracapacitor, Cycle life, Hybrid en-
ergy storage system, Testing

I. INTRODUCTION

Lithium-ion batteries are now one of the most popular

energy storage devices for electric vehicles (EVs). Meanwhile,

frequent starts and stops in the city driving degrade the cycle

life of the batteries. One possible solution is through the

hybridization of batteries and ultracapacitors (UCs). In the

battery-UC hybrid energy storage system (HESS) the high-

power-density and high-efficiency UCs work as an energy

buffer to smooth the battery power, and thus the battery cycle

life could be prolonged [1], [2]. This aspect was investigated

through simulation-based discussions using the static battery

cycle life models [3], [4]. These models were developed

based on the ageing test under constant operating conditions,

i.e., static load profiles. However, they can not accurately

reflect the cycle life of the batteries under a dynamic load

profile. A semi-empirical dynamic battery cycle life model was

recently proposed for the capacity loss evaluation under pulsed

load profiles [5]. The model does not include the influence

of the load current, and the pulsed profiles are with day-

long slow dynamics. The effect of the UC-modified plug-

in hybrid electric vehicle load profile on LiMn2O4 battery

performance degradation was studied through the cycle life

test [6]. Meanwhile, LiFePO4 batteries are well known for

their excellent cycling and thermal stabilities, and low cost [7],

[8]. Initial discussion on the capacity loss reduction of the

LiFePO4 batteries using UCs can be found in [9]. However, the
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impact of UC sizing on battery power fade, and temperature

rise need to be further investigated for a comprehensive and

quantitative evaluation. The purpose of this letter is to develop

a systematic approach that evaluates and compares LiFePO4

battery cycle life improvement under a real dynamic load

profile, and with different numbers of UCs.

II. EXPERIMENTAL APPROACH

In this section the number of UCs is first optimized that

minimizes the energy consumption under a dynamic load

profile. Then accelerated cycle life test is designed to compare

the battery degradation in three cases, i.e., without using UCs,

with optimized number of UCs and ideal infinite number of

UCs.

A. Sizing of UC Pack

Here the capacitor semi-active hybrid is used, in which a

dc-dc converter connects the UC pack and the load [10]. This

topology enables the decoupling between the UC and battery

voltages, and thus improves the utilization of UC energy. A

first-order low-pass filter based control strategy is used to

determine the load power distribution between the battery and

UC packs [1]. Due to its well-known high power density, the

UC pack provides the high-frequency components of the orig-

inal dynamic load profile through the dc-dc converter, while

the remaining low-frequency components after the filtering are

supplied by the battery pack. An optimization problem is then

formulated to solve the number (i.e., sizing) of UC cells in

series, Nu, and the cut-off frequency of the first-order low-pass

filter, fc, that minimize the energy consumption, Ec, under

a target dynamic load profile, JC08 driving cycle here (the

Japanese urban test cycle representing congested city driving

conditions) in Fig. 1.
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Fig. 1. Velocity profile of the JC08 driving cycle.

The total energy consumption, Ec, can be calculated as

min
Nu,fc

Ec =
Mv +Mb +Md +Mu

Mv
Eb + Eloss, (1)

where Mb, Md, Mu are masses of the battery pack, the dc-

dc converter, and the UC pack, respectively, and Eb is the

energy consumption at the base vehicle mass Mv , 1100 kg, in
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Parameter Design for a 6.78-MHz Wireless Power
Transfer System Based on Analytical Derivation

of Class E Current-Driven Rectifier
Ming Liu, Student Member, IEEE, Minfan Fu, Student Member, IEEE, and Chengbin Ma, Member, IEEE

Abstract—Magnetic resonance coupling working at megahertz
(MHz) is widely considered as a promising technology for the mid-
range transfer of a medium amount of power. It is known that
the soft-switching-based Class E rectifiers are suitable for high-
frequency rectification, and thus potentially improve the overall
efficiency of MHz wireless power transfer (WPT) systems. This
paper reports new results on optimized parameter design of a
MHz WPT system based on the analytical derivation of a Class
E current-driven rectifier. The input impedance of the Class E
rectifier is accurately derived, for the first time, considering the
on-resistance of the diode and the equivalent series resistance of
the filter inductor. This derived input impedance is then used to
develop and guide design procedures that determine the optimal
parameters of the rectifier, coupling coils, and a Class E PA in an
example 6.78-MHz WPT system. Furthermore, the efficiencies of
these three components and the overall WPT system are also an-
alytically derived for design and evaluation purposes. In the final
experiments, the analytical results are found to well match the ex-
perimental results. With loosely coupled coils (mutual inductance
coefficient k=0.1327), the experimental 6.78-MHz WPT system
can achieve 84% efficiency at a power level of 20 Watts.

Index Terms—Class E rectifier, magnetic resonance coupling,
parameter design, wireless power transfer.

I. INTRODUCTION

W IRELESS power transfer (WPT) is now attracting con-
siderable attention both from academia and industry

largely due to the need to charge various electronic devices,
e.g., cellphones, laptop computers, tablets, medical implant de-
vices. It is desired by the end-users to access to both information
and electrical power through air. For high-power applications
such as charging of robots and electric vehicles, WPT provides
a convenient and safe noncontacting charging, and brings new
possibilities for energy and power management. The techno-
logical options for WPT (such as inductive coupling, magnetic
coupling, microwave, and laser radiation) have different power
level, working frequency, transfer distance, size and forming
factors, etc., [1]–[5]. Among these technologies, the magnetic
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resonance coupling working at megahertz (MHz) is being
widely considered as a promising candidate for the mid-range
transfer of a medium amount of power [5], [6]. It is because
generally a higher operating frequency (such as 6.78 and 13.56
MHz) is desirable for a more compact and lighter WPT sys-
tem with a longer transfer distance. Lots of research has been
done on the design and optimization of WPT systems both
at component and system levels, including the improvements
on coupling coils [7]–[11], power amplifier (PA) [12]–[15], and
load control [16]–[18]. Meanwhile, there are few discussions on
the analysis of the rectifier and its interactive relationship with
other components (such as the coupling coils and PA) in a WPT
system, especiallywhen the operating frequency is atmegahertz
(MHz). So far,most WPT systems use the hard-switching-based
rectifiers, e.g., the full-bridge rectifiers. In order to reduce the
switching loss at MHz, the soft-switching techniques can be ap-
plied to rectifiers working at high frequencies. It is known that
Class E rectifiers are one of the most promising candidates for
the high-frequency rectification due to their capability of zero-
voltage switching (ZVS), low voltage-slope (dv/dt) switching,
zero-current switching (ZCS), and low current-slope (di/dt)
switching of the rectifying element [19], [20].

The Class E rectifier was first proposed for high-frequency
dc–dc converter applications in 1988 [21]. Various Class E
topologies were later developed, such as voltage-driven [22],
[23], current-driven [24]–[26], and full-wave ones [27]. Re-
cently researchers have started to apply the Class E rectifiers in
WPT systems. Aldhaher et al. [28] discussed, for the first time,
the application of the Class E rectifier in a 800-kHz WPT sys-
tem. Luk et al. [29] presented a state-space-based analysis of a
ClassE2 converter, i.e., a Class E PA and a Class E rectifier, for
a 200-kHz WPT systems. In [30], a Class E2 dc–dc converter
was designed and implemented for an application in 200-kHz
WPT. Meanwhile, there are few reported studies on applying
the Class E rectifiers to MHz WPT systems. Initial discussions
can be found in [31] and [32], where the simulation-based anal-
ysis and the real implementation of the Class E rectifiers were
introduced.

Therefore, this paper is devoted to a detailed discussion on
the MHz high-frequency rectification using a Class E rectifier.
The analytical derivation of a Class E current-driven rectifier
is given that provides guidance on the optimized parameter de-
sign of a 6.78-MHz WPT system. The current-driven topology
is chosen because this topology can be used both in parallel–
series (PS) and series–series (SS) WPT systems. The topology
of the Class E current-driven rectifier used in this paper was first
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A systematic approach to the
instantaneous duality of mechanisms
and its application

Andreas Müller1,2 and Offer Shai3

Abstract

The instantaneous duality (also known as symmetry) between serial chains and fully parallel manipulators is well known in

the literature. This paper takes the idea one step further, by introducing a systematic method that transforms one

mechanical system into another. This duality concept rests on the concept of dual graphs to define the kinematics of the

dual system. The mechanism structure can be represented in two essentially different ways: its kinematic topology or its

constraint system. The first is embodied by the topological graph and the second by the constraint graph. The dual to a

topological graph is a constraint graph and vice versa. Hence, there are various ways to introduce a dual topology. The

dual kinematics is defined by instantaneously identifying the twist screws in the original system with the wrench screws of

the dual. This identification allows carrying over statements from the original to the dual system. In particular, it is shown

that the singularities can be easily established in the dual if they are known in the original system. This concept of

transference is a powerful tool since a variety of dual systems can be assigned to a given system. This idea is demon-

strated for a Bricard mechanism that is instantaneously dual to a 6/6 Stewart platform at a singular position, and in

another configuration (resembling the cyclohexane molecule) it is dual to the 6/3 Stewart platform at the singular

position. This provides another perspective of the known mobility of this molecule.

Keywords

Dual mechanisms, dual screw systems, dual graphs, singularities, mobility
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Introduction

Duality has been proposed as a way to analyze a mech-
anism by considering another mechanism that is referred
to as its dual. There is no unique mechanism that can be
called ‘‘dual’’ to a given mechanism, however.
Moreover, there are various ways to associate a mech-
anism dual to a given one. The aim of this paper is to
propose a systematic duality concept that combines the
concept of dual graphs and self-dual screw systems.

The aim of introducing a mechanism dual to a
given mechanism is to transfer statements that can
be made for one to the other. These statements are
specific to a given kinematics, i.e., the topology and
geometry.

The construction of a dual kinematics involves two
steps:

1. Designation of the dual screw system, and the
2. Designation of a dual topology.

Since the ‘‘duality’’ in question is a design concept,
rather than a mechanical principle, none of the two
steps has a unique solution.

This freedom in defining dual objects allows for intro-
ducing a dual mechanism and may be helpful for the
synthesis and understanding of the original mechanism.

The notion of duality of serial and parallel manipula-
tors was presented by Waldron and Hunt. In their ori-
ginal paper,1 they identified the joint screws of a 6R serial
manipulator with the linear actuator forces of a fully
parallel platform. This particular assignment implies
that the screw system of the original manipulator and
its dual are identical. It also implies that the dual top-
ology of an open serial chain is a parallel platform. The
latter assumption was concluded by observing the role
that the Jacobian, i.e., the screw system, plays for the
velocity transformation in the serial and the force
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a b s t r a c t

This paper investigates vibration reduction in a rigid rotor with tilting, rotational, and
translational motions using centrifugal pendulum vibration absorbers (CPVAs). A linear-
ized vibration model is derived for the system consisting of the rotor and multiple sets of
absorbers tuned to different orders. Each group of absorbers lies in a given plane per-
pendicular to the rotor rotation axis. Gyroscopic system modal analysis is applied to derive
the steady-state response of the absorbers and the rotor to external, rotor-order, periodic
forces and torques with frequency mΩ, where Ω is the mean rotor speed and m is the
engine order (rotor-order). It is found that an absorber group with tuning order m is
effective at reducing the rotor translational, tilting, and rotational vibrations, provided
certain conditions are met. When the periodic force and torque are caused by N sub-
structures that are equally spaced around the rotor, the rotor translational and tilting
vibrations at order j are addressed by two absorber groups with tuning orders jN71. In
this case, the rotor rotational vibration at order j can be attenuated by an absorber group
with tuning order jN. The results show how the response depends on the load amplitudes
and order, the rotor speed, and design parameters associated with the sets of absorbers,
most importantly, their tuning, mass, and plane of placement. In the ideal case with zero
damping and exact tuning of the absorber sets, the vibrations can be eliminated for a
range of loads over which the linearized model holds. The response for systems with
detuned absorbers is also determined, which is relevant to applications where small
detuning is employed due to robustness issues, and to allow for a larger range of operating
loads over which the absorbers are effective. The system also exhibits undesirable reso-
nances very close to these tuning conditions, an issue that is difficult to resolve and
deserves further investigation.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Centrifugal pendulum vibration absorbers (CPVAs) are order tuned absorbers whose frequencies automatically scale with
the rotor speed. When properly tuned, they can reduce rotor rotational vibrations at a given order. The response of CPVA
systems for rotational motions has been widely investigated, and their linear and nonlinear dynamics, including tuning
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A B S T R A C T

This work compares spur gear tooth mesh stiffness calculations using two approaches. The

first is a common approach from the literature that calculates the mesh stiffness by dividing

the mesh force by the mesh deflection, which we call the average slope method. The second

approach calculates the local slope of the force–deflection curve about a nominal deflection.

The two approaches result in meaningfully different mesh stiffness predictions that persist

for wide ranges of applied torque and for gear teeth with tooth surface modifications. It is

shown that each calculation approach has its own distinct use, broadly divided as average

slope mesh stiffness for static analyses and local slope for dynamic analyses. Furthermore,

the two stiffness calculation approaches lead to different vibration models. This means that

for vibration analyses the choice is not solely which of the two stiffnesses to use but also

how to implement that stiffness appropriately in a model. Even though the mesh stiffnesses

in this work are calculated using a finite element/contact mechanics approach, the findings

are equally valid for mesh stiffnesses obtained from conventional finite element methods,

analytical models, and experiments.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Tooth mesh stiffness waveforms are used as inputs to analytical models for gear vibrations in Refs. [1–10] for gear pairs,

Refs. [11–15] for idler gears, and Refs. [16–25] for planetary gears, for example. The accuracy of these models largely depends

on the accuracy of the tooth mesh stiffness representation.

Not all dynamic models for gear systems use pre-specified fluctuating mesh stiffnesses as inputs. Analytical gear vibration

models in Refs. [26–30], for example, calculate the instantaneous tooth mesh stiffness at each time step as the gears rotate

kinematically and vibrate.

Tooth mesh stiffnesses are usually calculated using computational models. A finite element/contact mechanics approach has

been used to determine mesh stiffness fluctuations in Refs. [6,19,21,22]. Chung et al. [31] calculated gear tooth mesh stiffnesses
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In a laser full penetration welding process, keyhole behavior affects the welding quality most. Due

to the variation of wall thickness, constant welding speed and power will lead to partial penetration

or over heat. So, effective monitoring and control method is needed to improve the quality of laser

full penetration welding. In this paper, a vision based full penetration hole detection system is

studied. The effects of exposure time, zooming lens, and optical filters on the quality of coaxial

images are investigated. Among these factors, narrow bandwidth filters affect coaxial images most,

because according to Plank law, workpiece under different temperature will emit light of different

wavelengths, and the images under different narrow bandwidth filters reflect the temperature

distribution of workpiece. The full penetration hole detection algorithm is developed based on

region grow algorithm. Images of different welding speed and power are captured, and the

relationship of the diameter of full penetration hole with welding speed and laser power is studied.

The detection algorithm can identify partial penetration welding and laser cutting. It can be used to

closed loop control of laser welding in future.VC 2016 Laser Institute of America.
[http://dx.doi.org/10.2351/1.4944003]

Key words: laser full penetration welding, full penetration hole, region grow

I. INTRODUCTION

Laser welding is widely used in the manufacturing indus-

try, especially in the manufacturing of automobile, aero

engine part, and so on. In the laser welding process, melting

and vaporization take place when laser beam is focused to the

surface of work piece. Melting and vaporization phenomenon

forms a cavity within the melt pool, which is called a keyhole.

The keyhole is the results of balancing between the vapor

pressure and the surface tension of the surrounding melt.1

Within the keyhole, multireflection of laser takes place, which

improves absorption efficiency during laser welding. As the

laser beam moves forward, the molten metal flows around the

keyhole and solidifies after a certain time. As a result, two

plates are joined by melting and solidifying.

Laser welding has many advantages. It is clean, noncon-

tact, and high efficient during material processing. The pri-

mary concern of laser welding application is quality

improving, and defects detecting and reducing. Therefore,

various sensing technologies have been developed to monitor

welding process and to improve the process based on the

acoustic,2 optical,3 and thermal4 behaviors of the laser weld-

ing process. Among these sensing technologies, visual sensing

is widely implemented and investigated, and various algo-

rithms have been proposed to extract welding information

from recorded images. In1995, Semak et al.5 investigated the

dynamics of the melt pool and the keyhole during CO2 laser

welding with high-speed video and the laser reflectometer

technique. In 2004, Qin et al.6 used binarization algorithm to

extract molten pool edges. In 2015, Luo and Shin7 proposed

an edge detection algorithm based on the local maximum gra-

dient of grayness searching approach and linear interpolation.

Moreover, several full penetration monitoring methods have

been proposed. In 2011, Blug et al.8–10 developed a robust

feedback system to control penetration depth based image

close algorithm. In 2012, Kim and Ahn11 used coaxial image

camera and a coaxial illumination laser to monitor areas of

the keyhole and the full penetration hole (FPH), and full pene-

tration hole is extracted based on edge detection algorithm. In

2013, Zhang et al.12 used coaxial vision monitoring system to

observe the weld surface width and identify the status of laser

welding including incompletely penetrated, moderately pene-

trated, and overpenetrated.

One common algorithm to detect the FPH is based on the

image close operation, it was studied by Blug and coworkers,8

and achieved a good performance in the feedback system.

However, image close operation can work well only when the

FIG. 1. Schematic diagram of coaxial monitoring system used in laser

welding.

1938-1387/2016/28(2)/022412/7/$28.00 VC 2016 Laser Institute of America022412-1
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The  effects of  inclining  angle  of  the  coaxial  nozzle  in  the  longitudinal  section  of  deposited  bead  on  the

molten  pool geometry  and  the  corresponding  crystal  growth  in  laser  powder  deposition of  single-crystal

superalloy  are  studied through  the  coupling  of  a numerical  FLUENT program and a  three-dimensional

transient  transport  phenomena  mathematical  model.  Systematical  experiments  with single-crystal

nickel-based  superalloy  were  conducted  to verify the  computational  results.  The  results  show that  the

inclination  angle  of  the  coaxial nozzle  in  the  longitudinal  section  of  deposited  bead  has a predomi-

nant  effect  on the  molten  pool geometry  and  the  solidified  microstructure.  The  inclination  of  coaxial

nozzle  reduces the  height  of  the  molten  pool  while increases  the  melting depth compared  to the normal-

direction  deposition.  The  epitaxial  grain  growth  in  the  deposited bead is  enhanced  when the coaxial

nozzle  inclines  toward  the  laser  scanning direction,  while  it  is  restrained  as  the  nozzle  inclines  toward

the  opposite  direction.  When the coaxial  nozzle  inclines  to a  +45◦, the  ratio  of  melting  depth to the  height

of  equiaxied  stray grain on the  top  of  the  previous layer  of  deposited  bead  exceeds  1.0,  which  implies

that  the  deposited  layer can  completely  remelt the  stray grains in  the previous  layer. The  capacity  of

continuous-epitaxial  grain growth can  be therefore  achieved through  the  nozzle  inclination effectively.

This  method can  be used  to  optimize  and  control  the  processing  parameters  and broaden  the  processing

window  for a  single-crystal  turbine  blade tip  repair.

©  2015 Elsevier  B.V.  All rights reserved.

1. Introduction

Single-crystal (SX) superalloy has been used on high-

temperature blades and vanes in gas-turbines (Schlachter and

Gessinger, 1990). In order to extend the working lifetime of worn-

tip SX turbine blades, a  successful repair technology should ensure

the preservation of the original SX orientation, i.e., the metallurgi-

cal microstructure of the repaired material maintains a continuous

crystal growth and extends epitaxially in the same crystalline

direction from the substrate. In the past decades, laser powder

deposition (LPD) technology has become a  very promising and

effective repair technology in restoring SX alloys (Gäumann et al.,

2001). Gäumann et al. (1999) coupled an epitaxial-growth charac-

teristic model of SX superalloy and the LPD technology in a  process

∗ Corresponding author.

E-mail address: zhaoyang liu@sjtu.edu.cn (Z.  Liu).

of epitaxial laser metal forming (E-LMF). They showed that the

fine columnar dendrites can grow epitaxially from the SX substrate

into deposited bead, which can be used to restore the worn tip of

SX  blades. However, the major challenge in the LPD process of SX

superalloy is  the stray grain formation which appears as misori-

ented and equiaxied grains in the deposited microstructure (David

et al., 1997). Stray grains, once form, suppress the epitaxial growth

of columnar dendrites and, furthermore, cause the formation of low

melting point grain boundaries which act as the easy path for crack

initiation and propagation (Babu et al., 2004). Thus nickel-based SX

superalloys are vulnerable to stray grain formation and the resul-

tant degradation of creep resistance and formation of cracks (David

et al., 1997).

Many researchers have studied the mechanism of stray

grain formation through mathematical models and experimental

approaches. The results show that the stray grain formation is  due

to  the equiaxed grain nucleation and growth ahead of the solidifi-

cation front when the extent of constitutional supercooling (CS) is

http://dx.doi.org/10.1016/j.jmatprotec.2015.11.017

0924-0136/© 2015 Elsevier B.V. All rights reserved.
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An approach to improve the lifetime of air plasma sprayed

(APS) thermal barrier coatings (TBCs) by modifying the inter-

facial microstructure has been reported. The laser powder

deposition technique was employed to fabricate the mesh struc-
ture (with the same composition as the bond coat) at the

ceramic–substrate interface. After thermal cycling test, the

APS TBCs with the mesh exhibited a much less spallation
degree (5%–10%) compared with the reference samples with-

out mesh (>50%), implying that the mesh is effective in imped-

ing the crack propagation along the interface. In addition, the

effect of the mesh geometry parameters, e.g., height and spac-
ing of mesh, on the spallation degree of TBCs was also investi-

gated. Based on the results of experiment and calculation, the

optimal mesh parameters were proposed.

Keywords: thermal barrier coatings; plasma spray; interfaces;
microstructure

I. Introduction

THERMAL barrier coatings (TBCs) are widely used in hot
sections of aeroengines and industrial gas turbines to

protect the superalloy components from aggressive environ-
ment.1,2 They usually comprise an yttria-stabilized zirconia
(YSZ) layer deposited onto an intermetallic bond coat which
is attached to a superalloy substrate. In the absence of
mechanical damage, e.g., foreign object erosion, failure of
the TBCs typically occurs in the vicinity of the thermally
grown oxide (TGO), following a sequence of crack nucle-
ation, propagation, and coalescence process.3,4 In general,
failure of the TBCs is driven by stress r in the YSZ top coat
and the TGO (either from the thermal misfit stress or from
the growth stress at high temperature), and resisted by the
interfacial toughness between the coating and the substrate.5

In recent years, extensive efforts have been devoted to
improving the durability of TBCs. For example, vertical
cracks and porosity were deliberately introduced into top
coat to improve the strain tolerance or reduce the driving
force (i.e., stress) for TBCs spallation.6,7 The reactive ele-
ments (e.g., Hf) were added into the bond coat to enhance
the adhesion between the TGO and the bond coat, which pri-
marily act as sulfur getter sites.8,9 However, few efforts have
been made to optimize the interfacial microstructure to
improve the lifetime of TBCs. Although conventional grit

blasting procedure is usually beneficial to improving the coat-
ing adhesion by mechanical interlocking, the surface is rela-
tively smooth (Ra < 20 lm) which is not capable to suppress
the propagation of the interfacial cracks.10 If an obstacle is
placed in the crack path to impede or deflect crack propaga-
tion, the fracture toughness should be improved. This could
be a practical approach to fabricate long durability TBCs.
Therefore, the objective of this work is to investigate if the
lifetime of the TBCs could be improved by manipulating the
interfacial microstructure.

II. Experimental Procedure

The substrate was a Hastelloy� X alloy (Shanghai Niesheng
Alloy Materials Co., Ltd., Shanghai, China ) with dimension
(50 mm 9 40 mm 9 5 mm), which was cleaned with alcohol
and grit blasted with 60 grit alumina prior to the deposition
of the bond coat. Two types of mesh structure were designed.
One was applied on the surface of the bond coat [Fig. 1(b)].
The other was directly applied on the substrate, followed by
deposition of the bond coat [Fig. 1(c)]. The three-dimensional
(3D) mesh structure at the ceramic–metal interface was fabri-
cated by laser powder deposition (LPD) technique, which is
schematically illustrated in Fig. 1(a). The LPD system com-
prises a multihopper powder feeder, a fiber laser, a coaxial
nozzle, and control system. The LPD experiment was con-
ducted with continuous-wave laser (YLS-2000: IPG Photo-
nics, Pittsfield, MA). The laser spot is 500 lm in diameter
which was focused through a lens (200-mm focal length). The
feedstock powder with nominal composition of Ni-24.7Cr-
5.11Al-0.49Y wt % was delivered by coaxial feeding nozzles
with 10 mm/s scan velocity and 3–4 g/min feed rate. Argon
flow with a rate of 6 L/min was used to prevent the oxidation
of the powder during deposition.

Both the bond coat and the YSZ top coat were deposited
using air plasma spraying technique (APS). The bond coat
consists of NiCrAlY (Ni-24.7Cr-5.11Al-0.49Y in wt %) with
a thickness of ~100 lm. The top coat is a standard 8YSZ
with a thickness of ~250 lm. For comparison, the TBCs
samples without mesh were studied as a reference.

The specimens were cut into plates with a dimension of
10 mm 9 10 mm 9 5 mm before testing. Cyclic oxidation
test was performed at 1150°C using a chamber furnace. Each
cycle consists of a fast heat-up from room temperature to
1150°C, a dwell of 10 h, and air cooling after removing the
specimens from the furnace. All samples were removed from
furnace after 54 thermal cycles. To quantify the relative
amount of spalled area, the surface images of the samples
were recorded using optical microscope (BX-51M, Olympus,
Tokyo, Japan) and processed using Image-J software, where
the spalled and attached area were highlighted by white and
black color, respectively. The spallation degree was defined
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Abstract: In this article, ultrasonic guided wave propagation and interaction with the rivet hole
cracks has been formulated using closed-form analytical solution while the local damage interaction,
scattering, and mode conversion have been obtained from finite element analysis. The rivet hole
cracks (damage) in the plate structure gives rise to the non-axisymmetric scattering of Lamb wave,
as well as shear horizontal (SH) wave, although the incident Lamb wave source (primary source) is
axisymmetric. The damage in the plate acts as a non-axisymmetric secondary source of Lamb wave
and SH wave. The scattering of Lamb and SH waves are captured using wave damage interaction
coefficient (WDIC). The scatter cubes of complex-valued WDIC are formed that can describe the 3D
interaction (frequency, incident direction, and azimuth direction) of Lamb waves with the damage.
The scatter cubes are fed into the exact analytical framework to produce the time domain signal.
This analysis enables us to obtain the optimum design parameters for better detection of the cracks
in a multiple-rivet-hole problem. The optimum parameters provide the guideline of the design of the
sensor installation to obtain the most noticeable signals that represent the presence of cracks in the
rivet hole.

Keywords: structural health monitoring; guided wave; damage detection; scatter cube;
non-axisymmetric guided waves; sensor design

1. Introduction

The detection of various types of defects in structures—for example, corrosion, cracks, impact, and
disbands—is an important research area of structural health monitoring (SHM) and nondestructive
evaluation (NDE). Development of corrosion and fatigue cracks at the rivet holes and fasteners in the
aircraft structures is the most frequent problem encountered in aircraft maintenance. The cracks can
grow to a critical size and jeopardize the structural integrity if they remain undetected. Ultrasonic
guided wave methods can be employed instead of the laborious point-by-point inspection method for
fast, accurate, and efficient detection of the crack inauguration in the riveted holes.

1.1. Motivation of the Research Work

Over the topical years, the detection of cracks around the rivet hole has become an important topic
of the NDE reasearch field. In 2009, the probability of detection (POD) by a model-assisted approach
has been demonstrated for the fatigue crack growth in wing lap joint, wing skin fastener holes,
and airframe fastener holes [1]. In 2012, the use of the transfer function approach to model-assisted

Materials 2016, 9, 602; doi:10.3390/ma9070602 www.mdpi.com/journal/materials
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a b s t r a c t

Lamb waves have been widely explored as a promising inspection tool for non-destructive evaluation
(NDE) and structural health monitoring (SHM). This article presents a combined analytical finite element
model (FEM) approach (CAFA) for the accurate, efficient, and versatile simulation of 2-D Lamb wave
propagation and interaction with damage. CAFA used a global analytical solution to model wave gener-
ation, propagation, scattering, mode conversion, and detection, while the wave-damage interaction
coefficients (WDICs) were extracted from harmonic analysis of local FEM with non-reflective boundaries
(NRB). The analytical procedure was coded using MATLAB, and a predictive simulation tool called
WaveFormRevealer 2-D was developed. The methodology of obtaining WDICs from local FEM was
presented. Case studies were carried out for Lamb wave propagation in a pristine plate and a damaged
plate. CAFA predictions compared well with full scale multi-physics FEM simulations and experiments
with scanning laser Doppler vibrometry (SLDV), while achieving remarkable performance in computa-
tional efficiency and computer resource saving compared with conventional FEM.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

The development of computational models for Lamb wave
propagation and its interaction with damage is of great importance
for SHM system design and sensing signal interpretation. Effective
design of SHM systems requires the exploration of a wide range of
parameters (transducer size, sensor-damage relative locations,
interrogating wave characteristics, etc.) to achieve best detection
and quantification of certain types of damage. On the other hand,
active sensing signals using Lamb waves are usually hard to
interpret due to the multi-mode, dispersive nature of Lamb waves
and their interaction with damage, involving complicated
scattering and mode conversion phenomena. Practical applications
have imposed three main requirements on the computational
models for Lamb wave propagation: (1) accuracy for high fre-
quency, short wavelength, and long propagation distance waves;
(2) efficiency in terms of computational time and computer
resources; (3) versatility for exploring a wide range of design
parameters. However, commercial simulation tools cannot satisfy
all these requirements.

1.1. Piezoelectric wafer active sensors

In this study, we used the piezoelectric wafer active sensors
(PWAS) as an enabling device for generating Lamb waves in the
host structures. PWAS have been widely used in SHM for generat-
ing and receiving ultrasonic waves [1]. They couple the electrical
and mechanical effects (mechanical strain, Sij, mechanical stress,
Tkl, electrical field, Ek, and electrical displacement, Dj) through
the tensorial piezoelectric constitutive equations

Sij ¼ sEijklTkl þ dkijEk

Dj ¼ djklTkl þ eTjkEk
ð1Þ

where sEijkl is the mechanical compliance of the material measured at

zero electric field (E ¼ 0), eTjk is the dielectric permittivity measured
at zero mechanical stress (T ¼ 0), and djkl represents the piezoelec-
tric coupling effect. PWAS utilize the d31 coupling between in-plane
strains, S1, S2 and transverse electric field E3.

Compared with conventional ultrasonic transducers, PWAS are
small, lightweight, low cost, and unobtrusive. They can be perma-
nently bonded on host structures and achieve real-time active
sensing and in-situ monitoring of engineering structures. PWAS
can serve several purposes: (a) high-bandwidth strain sensors;
(b) high-bandwidth wave exciters and receivers; (c) resonators;

http://dx.doi.org/10.1016/j.ultras.2016.03.019
0041-624X/� 2016 Elsevier B.V. All rights reserved.
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a b s t r a c t 

Results related to the filtered non-premixed turbulent flame statistics are presented. Considering non- 

premixed turbulent combustion modeling in the framework of large eddy simulations (LES), a turbu- 

lent flamelet equation is derived based on the filtered governing equations. Using a direct numerical 

simulation (DNS) data set, the statistical properties of two important parameters, the scalar dissipation 

and chemical source term, are analyzed in details. Numerical results show that for the scalar dissipation 

term, the probability density function (PDF) of the magnitude of the mixture fraction gradient changes 

is strongly dependent on the filter scale, whereas the PDF of the turbulent diffusivity is almost invariant. 

Theoretically from the scalar structure function a scaling law can be expected for the conditional mean 

of the difference between the filtered and nonfiltered scalars with respect to the filter scale, which is 

important for estimating the chemical source in the subgrid scale models. 

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

1. Introduction 

In reactive turbulence the interaction between the flame and 

flow is extremely complex. For problems with sufficiently high 

Reynolds numbers of practical interest, because of the large scale 

separation, both spatially and temporally, direction numerical sim- 

ulations (DNS) are intractable. Thus models of the required rela- 

tions need to be constructed. In non-premixed combustion simula- 

tion, the flamelet models originally developed by Williams [1] and 

Peters [2] play important roles. Physically if the flame scale is 

locally small compared with the turbulent dissipative scale, the 

flame structure remains to be laminar. Based on the flamelet equa- 

tions, it is possible to largely reduce the dimensionality of the 

modeling parameters. The flamelet models have been widely ap- 

plied [3–6] because of the clear physical meaning and high nu- 

merical efficiency. In recent years successful examples have been 

extended to various cases such as unsteady processes [7,8] and 

non-unity Lewis number effects [9] . The detailed budget analyses 

suggest that typically the flamelet assumption remains to be rea- 

sonable [10] . 

However, challenges in implementing the laminar flamelet 

models do exist. Especially in high Reynolds number turbulence 

the non-premixed flame structure is far away from being clearly 

defined, for instance unsteadyness and the strong influence from 

the premixed flame front associated with the triple flame [11,12] . 

When local extinction and re-ignition occur, premixed flame fronts 
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are present to bring both premixed and nonpremixed features, 

which can violate the laminar non-premixed flamelet assumption. 

Moreover, in pre- and post-extinction flames the local mixing is 

strong; thus the local timescale may be important as well [12] . 

Turbulence can also lead to complex topological structures of the 

non-premixed flame front, for instance the flame patch and extinc- 

tion hole, both of which are associated with the flame edge [13] . 

It can reasonably be expected that the flame edge influence will 

be enhanced with the increase of turbulence intensity. Although 

for the unsteady flamelet models the additional time scale can be 

modeled [8,14] , physically extra modeling complexity need to be 

further investigated. 

Large eddy simulations (LES) are especially appealing in tur- 

bulence simulation. With the appropriate subgrid scale models, 

the large-scale turbulent structures can feasibly be calculated by 

LES. However, subgrid scale modeling of the non-premixed flame 

also suffers from the aforementioned complexities. Effort s in this 

area have made some important progresses. In the thickened flame 

models [15,16] the flame is artificially stretched to fit the numeri- 

cal resolution, but the overall flame speed remains invariant. Such 

a scenario can be reasonably interpreted in the framework of LES, 

because the filtering operation alters the detailed flame structures, 

for instance the reduced chemical kinetics and the temperature 

field; however, the overall flame speed must be invariant because 

the kernel of the filtered flame overlaps the nonfiltered flame zone. 

In other words the thickened flame models address the field quan- 

tities at the coarse grid level at the cost of distorting the fine 

scale structures. A different modeling idea is the filtered tabulated 

chemistry for LES (F-TACLES) [17] , where the unclosed terms are 
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Theuncertainty associatedwith the convective heat transfer coefficient obtained in transient thermalmeasurement

is often high, especially in high-speed flow. The present study demonstrates that the experimental accuracy could be

much improved by an actively controlled ramp heating instead of the conventional step-heating approach. A general

design guideline for the proposed ramp-heating method is derived theoretically and further demonstrated by

simulation cases. This paper also presents a detailed experimental study for transonic turbine blade-tip heat transfer.

A repeatable, high-resolution tip heat transfer coefficient contour is obtained through transient infrared

measurement with the proposed ramp-heating method. Detailed uncertainty analysis shows that the resulting heat

transfer coefficient uncertainty level is much lower than the experimental data currently available in the open

literature. The ramp-heating approach is especially recommended to the high-speed heat transfer experimental

research community to improve the accuracy of the transient thermal measurement technique.

Nomenclature

Cx = axial chord, m
c = specific heat, J∕kg · K
D = noise distribution
f = sampling frequency, Hz
G = grayscale value
h = heat transfer coefficient,W∕�m2 · K�
kavg = average slope
M = Mach number
N = number of simulation test
np = number of sampling points
P0 = mainstream total pressure, Pa
q 0 0 = heat flux, W∕m2

Re = Reynolds number
R2 = coefficient of determination
rc = recovery factor
Tad = adiabatic wall temperature, K
Ti = initial temperature, K
Tw = wall temperature, K
T0 = mainstream total temperature, K
t = time, s
U = uncertainty
x = horizontal axis of sampled signal
y = vertical axis of sampled signal
γ = ratio of specific heats
Δ = overall change during selected interval
δ = noise level
λ = thermal conductivity, W∕�m · K�
ρ = density, kg∕m3

τ = time constant, s

I. Introduction

G AS turbine heat transfer technology has reached, more or less, a

plateau in recent years. The improvements from new thermal

designs are usually small. A designer will not be able to rank their

design ideas from an experimental study if the uncertainty level is in

the range of 10%. Unfortunately, such an uncertainty level is not

uncommon among the heat transfer experimental data currently

available in the open literature. Very often, the computational fluid

dynamics developers find it difficult to rank their turbulence models

and other new numerical methods with the available experimental

data if taking the experimental uncertainty into account. Improving

the uncertainty in conventional experimental techniques is

particularly required by the heat transfer research community.
Transient thermal measurement techniques have been widely

employed invarious heat transfer experimental studies. One common

assumption made in these techniques is the semi-infinite one-

dimensional conduction, which means conduction within solid

occurs only in one direction toward infinity. This is a fair assumption

if the heat penetration depth is small when compared with the actual

thickness of the solid. Therefore, a low-conductivity material is often

used in experiments to satisfy this assumption. Another classical

assumption is that the mainstream temperature experiences an ideal

step change at time origin. This perfect step is, undeniably,

impossible to achieve in practice, but tremendous efforts have been

devoted to creating amainstream temperature step change as sharp as

possible so that this second assumption can be justified

approximately (Ireland [1], Martinez-Botas et al. [2], Gillespie et al.

[3], and Ireland et al. [4]). Under these two assumptions, the wall

temperature history Tw�t� is then readily obtained as (Bergman

et al. [5])

Tw�t� − Ti

T0 − Ti

� 1 − exp

�
h2t

ρcλ

�
erfc

�
h

��
t

p
��������
ρcλ

p
�

(1)

where T0 is the mainstream total temperature, Ti is the initial

temperature, h is the heat transfer coefficient (HTC), and λ is the

thermal conductivity of fluid. In practice, when the mainstream

temperature is a ramp varying profile, the resulting wall temperature

history can be calculated from Duhamel’s superposition theorem

(Metzger and Larson [6]):
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Abstract
Differing from the conventional no-slip wall boundary condition, the moving
surface may have strong influences on the flow structures and the flow physics.
Such effects are potentially important and useful for flow control. In this paper
we analyze the two-dimensional flow over a roller array with different spacing
and rotating speeds at the low Reynolds numbers. The numerical results
indicate that the pressure drag and the friction drag of the rollers are strongly
dependent on flowing and geometric parameters. Physically, surface motion
can induce the viscous traction stream, which leads to very important effects,
such as the so called impingement block and traction stream flush. These
interesting findings may help to better understand the fluid dynamics for the
general moving boundary cases.

Keywords: moving surface, roller array, flow structure

1. Introduction

The interaction between fluid and solid surface is largely influenced by the contact boundary
conditions. Typically the moving surface can prevent or delay the boundary layer growth,
maintain the fluid’s momentum, and avoid flow separation in some cases. Therefore from the
flow control aspect, it is potentially important to create a slippery wall, which has been the
main objective of many research existing works (Calderon 1964, Zdravkovich 1987, Bechert
et al 1996, Modi 1997, Sumner 2010). As one example, Bechert et al (1996) used conveyor
belt on magnetic wheels to create a slip velocity in channel wall and reported drag reduction
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Continuum Differential Mechanisms and Their Applications
in Gripper Designs

Kai Xu and Huan Liu

Abstract—Differential mechanisms possess various forms and are ap-
plied in a wide spectrum of mechanical systems. This paper proposes to
categorize differential mechanisms into kinematic differential mechanisms
(KDMs) and continuum differential mechanisms (CDMs), and also intro-
duces two CDMs. The working principle, structures, constructions, and
kinetostatic analyses of the proposed planar and the spatial CDMs are
elaborated upon. The planar CDM is compared with two widely used dif-
ferential mechanisms made from pulleys and linkages to show its effec-
tiveness using a simple construction. The spatial CDM could resolve one
input into three outputs in a way different from two serially connected
planar differential mechanisms. As demonstrated in experimentation, the
spatial CDM could allow more isotropic distribution of the three outputs.
The categorization, analyses, and applications of the CDMs might not only
extend the IFToMM terminology on differential mechanisms, but also in-
spire more CDM designs with distinct responses and properties for adaptive
mechanical systems.

Index Terms—Continuum mechanism, differential mechanism, force
transmission matrix, gripper, kinetostatics.

I. INTRODUCTION

According to the IFToMM terminology, a differential mech-
anism may resolve a single input into two outputs depending
on the external constraints and loads [1]. Various differential
mechanisms could be found in a wide spectrum of mechanical
systems since the presence of a differential mechanism intro-
duces a level of adaptivity and operation flexibility. For exam-
ple, the differential mechanism in an automobile transmission
allows the redistribution of the outputs, whereas the differential
mechanisms in industrial grippers and robotic hands help form
adaptive grasps.
Differentialmechanisms usually possess several typical struc-

tures, including the following [2]:
1) pulley-based forms;
2) linkage-based forms;
3) gear-based forms;
4) fluidic T-pipe-based forms.
Since differential mechanisms are widely used, this study

limits the literature review to their uses in gripping de-
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vices, such as robotic hands, industrial grippers, and prosthetic
hands.
While used in multijoint industrial grippers or robotic hands,

differential mechanisms reduce the number of actuators, reduce
the control complexity, and form compliant and adaptive grasps.
Then, various objects could be conveniently grasped by grippers
and hands with a few actuators.
Moveable pulleys might be the most widely used design op-

tion to construct differential mechanisms. Using stacked move-
able pulleys, multijoint prosthetic hands with one actuator were
realized [3]–[5]. Linkage-based seesaw differential mechanisms
are also used to achieve similar design goals, leading to designs
of one-actuator humanoid robotic hands [6], [7]. What’s more,
differential mechanisms using planetary gears and fluidic T-
shape pipes were also used, to design industrial grippers such
as the SARAH-M1 hand [8] and the LIRMM hand [9].
It is possible to use differential mechanisms in a reversed

way. Namely, two inputs are used to determine one output. For
example, this approach has been applied to design prosthetic
hands with mechanically implemented postural synergies, in
which multiple sets of differential mechanisms are used to form
grasping poses of a multijoint hand from two actuators. The
examples include pulley-based designs [10]–[12] and planetary-
gear-based designs [13], [14].
It is worth noting that using differential mechanisms is just

one way to design underactuated grippers or hands. Other pos-
sibilities include the uses of spring-biased linkage [15], biased
cable routing [16]–[19], biased gear transmission [20], and com-
pliant structures [21]–[25].
Examining the mentioned differential mechanisms, one can

conclude that three types could be categorized as kinematic
differential mechanisms (KDMs):
1) the pulley-based designs;
2) the linkage-based designs;
3) the gear-based designs.
These KDMs generate differential outputs from the motions

of the kinematic pairs. The fluidic T-pipe-based differential
mechanism is not a KDM, since it generates differential out-
puts from the redistribution of its fluids.
This paper proposes to categorize differential mechanisms

into KDMs and continuum differential mechanisms (CDMs).
CDMs generate differential outputs via redistributions and/or
deformations of their own materials and structures. The fluidic
T-pipe-based differential mechanism could be referred to as a
volume CDM, since its volume material is redistributed.
Two CDM designs are introduced: planar and spatial CDM,

as shown in Fig. 1. Both CDMs generate differential outputs via
deformations of their flexible structures. The working principle,
constructions, kinetostatic analyses, and design examples are

1552-3098 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Human controls dozens of muscles for di®erent hand postures in a coordinated manner. Such

coordination is referred to as a postural synergy. Postural synergy has enabled an anthropo-
morphic robotic hand with many actuators to be applied as a prosthetic hand and controlled by

two to three channels of biological signals. Principle component analysis (PCA) of the hand

postures has become a popular way to extract the postural synergies. However, relatively big

errors are often produced while the hand postures are reconstructed using these PCA-synthe-
sized synergies due to the linearity nature of this method. This paper presents a comparative

study in which the postural synergies are synthesized using both linear and nonlinear methods.

Speci¯cally, the Gaussian process latent variable model (GPLVM), as a nonlinear dimension
reduction method, is implemented to produce nonlinear postural synergies and the hand pos-

tures can then be reconstructed from the two-dimensional synergy plane. Computational and

experimental veri¯cations show that the posture reconstruction errors are greatly reduced using

this nonlinear method. The results suggest that the use of nonlinear postural synergies should be
considered while applying a dexterous robotic hand as prosthesis. Versatile hand postures could

be formed via only two channels of bio-signals.

Keywords: Postural synergy; grasping; prosthetic hand; Gaussian process latent variable model;

principle component analysis.

1. Introduction

E®orts have been continuously made to improve the construction of an anthropo-

morphic prosthetic hand. Such a hand is expected to be versatile for daily tasks and

International Journal of Humanoid Robotics
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Abstract
Purpose – Slim and dexterous manipulators with long reaches can perform various exploration and inspection tasks in confined spaces. This paper
aims to present the development of such a dexterous continuum manipulator for potential applications in the aviation industry.
Design/methodology/approach – Benefiting from a newly conceived dual continuum mechanism and the improved actuation scheme, this paper
proposes a design of a slim and dexterous continuum manipulator. Kinematics modeling, simulation-based dimension synthesis, structural
constructions and system descriptions are elaborated.
Findings – Experimental validations show that the constructed prototype possesses the desired dexterity to navigate through confined spaces with
its kinematics calibrated and actuation compensation implemented. The continuum manipulator with different deployed tools (e.g. graspers and
welding guns) would be able to perform inspections and other tasks at remote locations in constrained environments.
Research limitations/implications – The current construction of the continuum manipulator possesses quite some friction inside its structure. The
bending discrepancy caused by friction could accumulate to an obvious level. It is desired to further reduce the friction, even though the actuation
compensation had been implemented.
Practical implications – The constructed continuum manipulator could perform inspection and other tasks in confined spaces, acting as an active
multi-functional endoscopic platform. Such a device could greatly facilitate routine tasks in the aviation industry, such as guided assembling,
inspection and maintenance.
Originality/value – The originality and values of this paper mainly lay on the design, modeling, construction and experimental validations of the
slim and dexterous continuum manipulator for the desired mobility and functionality in confined spaces.

Keywords Inspection, Continuum manipulator, Continuum mechanism, Kinematics, Actuation compensation

Paper type Research paper

1. Introduction
Slim and dexterous manipulators with long reaches and
exchangeable end effectors can perform various intra-cavity
tasks in confined spaces, such as inspection, foreign objects
removal, laser cutting, welding, manipulation and assembling.
These appealing potential applications have led to a variety of
research activities.

The research on slim and dexterous manipulators can be
traced back to the 1960s when the Tensor Arm manipulator
was developed (Anderson and Horn, 1970). Since then, many
other dexterous manipulators have been developed (Paljug
et al., 1995; Wolf et al., 2003; Hirose and Ma, 1991; Ma et al.,
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We demonstrate a dynamically tunable elastic metamaterial, which employs remote magnetic force

to adjust its vibration absorption properties. The 1D metamaterial is constructed from a flat

aluminum beam milled with a linear array of cylindrical holes. The beam is backed by a thin elastic

membrane, on which thin disk-shaped permanent magnets are mounted. When excited by a shaker,

the beam motion is tracked by a Laser Doppler Vibrometer, which conducts point by point scanning

of the vibrating element. Elastic waves are unable to propagate through the beam when the driving

frequency excites the first elastic bending mode in the unit cell. At these frequencies, the effective

mass density of the unit cell becomes negative, which induces an exponentially decaying evanescent

wave. Due to the non-linear elastic properties of the membrane, the effective stiffness of the unit cell

can be tuned with an external magnetic force from nearby solenoids. Measurements of the linear and

cubic static stiffness terms of the membrane are in excellent agreement with experimental measure-

ments of the bandgap shift as a function of the applied force. In this implementation, bandgap shifts

by as much as 40% can be achieved with �30mN of applied magnetic force. This structure has

potential for extension in 2D and 3D, providing a general approach for building dynamically tunable

elastic metamaterials for applications in lensing and guiding elastic waves. VC 2016
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4941273]

INTRODUCTION

Metamaterials have inspired great fascination1 due to

their ability to achieve “unnatural” material properties, such

as invisibility,2 negative refraction,3 and perfect absorption.4

Unlike traditional photonic/phononic crystals,5 whose

bandgaps result from the geometric properties of the lattice,

the properties of metamaterials are adjusted by tuning the

local structural resonances of individual “atoms” in the unit

cell.6,7 Since most metamaterials operate over a small fre-

quency range, there is significant interest in developing tun-

able metamaterials, which allow for adjustable operating

frequencies and greater potential in imaging applications.2,8,9

Recently, there have been demonstrations of dynamically

tunable metamaterials that are controlled with thermal,10 me-

chanical,11 optical,12 electric,13,14 or magnetic field.15 For the

most part, these systems operate by geometrically tuning

the unit cell with an externally applied force, which allows

the mechanical or electromagnetic properties to be adjusted in

real time. In many approaches, direct contact with the material

is required to adjust the stiffness, such as by applying mechan-

ical strain or electrical voltage. Non-contact approaches are

convenient for their remote tuning capabilities, however they

typically have small effect11,12 or are slowly actuated.10

Among the remotely tunable systems, magnetic field

shows promise for fast actuation and large spectral shifts.

Recent work on a periodic array of magnetorheological elas-

tomer composites exposed to a magnetic field gradient has

shown promise in producing large changes in the absorption

spectrum.16 However, these systems appear to saturate at

high force, which limits its tuning capabilities. There has

also been some interesting work on dynamically tunable sin-

gle resonators using permanent magnets and coils.17,18

However, so far there are no prior works on incorporating

permanent magnets into periodic composites for dynamically

tunable elastic metamaterial applications. Permanent magnets

are desirable in many applications because their strong rema-

nent magnetization allows them to be manipulated with lower

currents, and magnetic fields and in some cases without exter-

nal power through mechanically controlled magnetic flux cir-

cuits. Permanent magnets can also be manipulated with

torque, which provides another control parameter for tuning

the absorption spectrum.

MATERIALS AND METHODS

Here, we use theory, finite element simulations, and

experiments to demonstrate the controlled, tunable vibration

a)Author to whom correspondence should be addressed. Electronic mail:

yellen@duke.edu
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Taylor vortices was investigated in this study. With large 

temperature difference, the structure of the Taylor vorti-

ces is greatly stretched at the interface region between the 

annulus gap and the lower recirculating cavity. Higher tem-

perature difference and rotating speed induce lower fluctu-

ating frequency and smaller circumferential wave number 

of Taylor vortices. However, the azimuthal wave speed 

remains unchanged with all the cases tested. The predicted 

axial location of the maximum temperature fluctuation on 

the shaft is in a good agreement with the experimental data, 

identifying the region potentially affected by the thermal 

fatigue. The physical understandings of such flow instabili-

ties presented in this paper would be useful for future PLR 

pump design optimization.

List of symbols
H  Annulus gap height (m)

h  Average heat transfer coefficient in the inner cylinder 

surface [W/(m2K)]

λ  Axial wavelength

s  Azimuthal wave speed

Tac  Critical Taylor number

f  Fundamental frequency of the azimuthal waves (Hz)

d  Gap width = R2 − R1(m)

Z  Height from the end of the annulus gap (m)

TH  Highest temperature (K)

Vin  Inlet velocity (m/s)

ν  Kinematic viscosity (m2/s)

keq  Local mean equivalent conductivity

TL  Lowest temperature (K)

m  Number of azimuthal waves

τ  Period time (s)

r  Radial coordinate (m)

R1  Radius of inner cylinder (m)

R2  Radius of outer cylinder (m)

Abstract In nuclear power plants the primary-loop recir-

culation (PLR) pump circulates the high temperature/high-

pressure coolant in order to remove the thermal energy 

generated within the reactor. The pump is sealed using the 

cold purge flow in the shaft seal gap between the rotating 

shaft and stationary casing, where different forms of Tay-

lor–Couette flow instabilities develop. Due to the tempera-

ture difference between the hot recirculating water and the 

cold purge water (of order of 200 °C), the flow instabilities 

in the gap cause temperature fluctuations, which can lead 

to shaft or casing thermal fatigue cracks. The present work 

numerically investigated the influence of temperature dif-

ference and rotating speed on the structure and dynamics 

of the Taylor–Couette flow instabilities. The CFD solver 

used in this study was extensively validated against the 

experimental data published in the open literature. Influ-

ence of temperature difference on the fluid dynamics of 
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Finite-difference time-domain solution 
of second-order photoacoustic wave equation
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A finite-difference time-domain numerical solution is presented for solving a single second-order
photoacoustic equation, instead of solving three coupled first-order equations. In this way, we are
able to insert the heating function to the simulation directly instead of initial pressure. Results are
validated using k-Wave simulation and show a good agreement for future development. The per-
fectly matched layer boundary condition has been implemented for a second-order photoacoustic
equation and results are compared to Dirichlet, Neumann and Mur boundary conditions. 

Keywords: photoacoustic tomography, numerical simulation, finite-difference time-domain, second-order
photoacoustic equation. 

1. Introduction

Photoacoustic tomography (PAT) is a noninvasive medical imaging modality and has
been widely investigated for biomedical applications [1, 2]. Photoacoustic waves are
generated from an illuminated object through thermoelastic expansion. The optical ab-
sorption of different materials varies, which forms the primary contrast in photoacous-
tic imaging. 

Reconstruction of an image is based on the detected photoacoustic waves, which
are affected by some parameters related to acoustic and thermal properties of tissue,
spatial distribution and time profile of a heat source. Accurate modeling of photoacous-
tic signals in PAT can provide a useful tool for understanding the relation between the
generated photoacoustic waves and the characteristics of tissues and a heat source, and
thus further optimization of PAT imaging is possible. One powerful approach is using
numerical simulation to visualize propagation of photoacoustic waves.

Although a number of numerical simulation studies based on a finite element method
have been investigated for modeling a photoacoustic equation so far [3–5], the finite
-difference method is usually used for simulation of partial differential equations due
to its convenience in implementing the code [6]. Finite-difference time-domain (FDTD)
method has been studied for modeling first-order coupled acoustic wave equations in
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Abstract: Acoustic-resolution photoacoustic microscopy (ARPAM) 
provides a spatial resolution on the order of tens of micrometers, and is 
becoming an essential tool for imaging fine structures, such as the 
subcutaneous microvasculature. High lateral resolution of ARPAM is 
achieved using high numerical aperture (NA) of acoustic transducer; 
however, the depth of focus and working distance will be deteriorated 
correspondingly, thus sacrificing the imaging range and accessible depth. 
The axial resolution of ARPAM is limited by the transducer’s bandwidth. In 
this work, we develop deconvolution ARPAM (D-ARPAM) in three 
dimensions that can improve the lateral resolution by 1.8 and 3.7 times and 
the axial resolution by 1.7 and 2.7 times, depending on the adopted criteria, 
using a 20-MHz focused transducer without physically increasing its NA 
and bandwidth. The resolution enhancement in three dimensions by D-
ARPAM is also demonstrated by in vivo imaging of the microvasculature of 
a chick embryo. The proposed D-ARPAM has potential for biomedical 
imaging that simultaneously requires high spatial resolution, extended 
imaging range, and long accessible depth. 
©2016 Optical Society of America 
OCIS codes: (170.5120) Photoacoustic imaging; (170.3880) Medical and biological imaging; 
(170.6900) Three-dimensional microscopy. 
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Uncovering the density of nanowire surface trap
states hidden in the transient photoconductance†

Qiang Xu and Yaping Dan*

The gain of nanoscale photoconductors is closely correlated with surface trap states. Mapping out the

density of surface trap states in the semiconductor bandgap is crucial for engineering the performance of

nanoscale photoconductors. Traditional capacitive techniques for the measurement of surface trap states

are not readily applicable to nanoscale devices. Here, we demonstrate a simple technique to extract the

information on the density of surface trap states hidden in the transient photoconductance that is widely

observed. With this method, we found that the density of surface trap states of a single silicon nanowire is

∼1012 cm−2 eV−1 around the middle of the upper half bandgap.

Ultra-scaled one or two dimensional nanostructures may find
many important applications in, for instance, flexible elec-
tronics1 and biophotonics.2 The drawback of nanoscale
devices for photo-detection is their weak light absorption due
to their ultra-scaled volume,3,4 which reduces the photosensi-
tivity and signal-to-noise ratio of the devices. High gain is
required for high-performance nanoscale photodetectors.
Nanosized photoconductors are reported to have extraordi-
narily high gain (up to 8 orders of magnitude) and have been
extensively investigated in the past decade.3–10 The origin of
the high gain is still in dispute but is commonly believed to be
correlated with surface trap states.7,8,11 Mapping out the
density and distribution of surface trap states in the semi-
conductor bandgap12 is critical for engineering the device per-
formance. However, traditional capacitive techniques for
probing the density of surface trap states are not readily appli-
cable to the ultra-scaled nanodevices due to the ubiquitous
parasitic capacitances.13 In this work, we demonstrate a
simple but powerful method to uncover the information on
the nanowire surface trap states hidden in the transient
photoconductance.

Previously we reported that the trap states can be found
from the sophisticated frequency dependence of the nanowire
photoconductivity.11 Here, we show a method for extracting
the density of trap states in single nanowires from transient
photoconductance. The concept is briefly illustrated in Fig. 1.
Under small injection conditions, electron–hole pairs (Δn and
Δp) will be excited in a highly doped p-type semiconductor,
lifting up the electron quasi Fermi level while leaving the hole

quasi Fermi level nearly intact. The surface states below the
electron quasi Fermi level will be filled with photogenerated
electrons (Δnt), following the Fermi–Dirac distribution. For
lightly doped or intrinsic semiconductors, both the electron
and hole quasi Fermi levels will shift, allowing photogenerated
electrons and holes to be trapped simultaneously. This is a
very complicated scenario and will be subjected to further
investigation in the future.

The information on the density of surface trap states can be
found by differentiating the captured electron concentration
Δnt with respect to the quasi Fermi level shift that is deter-
mined by the generation of excess carriers Δn and Δp. Fortu-
nately, Δnt and the quasi Fermi level can be retrieved
separately from the transient photoconductance, since the
electron capture by surface states and excess carrier generation
in the energy bands, although both contribute to the photo-

Fig. 1 (a) Generation–recombination (G–R) process from band to band
and capture–emission (C–E) process of surface trap states for semi-
conductors under light illumination. The electron quasi-Fermi level
shifts up, allowing for trap states below to be filled up with electrons.
The same number of photogenerated holes is left in the valence band
for photoconductance. (b) The transient conductance of semi-
conductors under light illumination. The capture–emission process of
surface trap states results in the exponential rise and fall of
photoconductance.

†Electronic supplementary information (ESI) available. See DOI:
10.1039/c6nr05014j
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Silicon nanowires (SiNWs) have emerged as sensitive absorbing materials for photodetection at

wavelengths ranging from ultraviolet (UV) to the near infrared. Most of the reports on SiNW

photodetectors are based on photoconductor, photodiode, or field-effect transistor device structures.

These SiNW devices each have their own advantages and trade-offs in optical gain, response time,

operating voltage, and dark current noise. Here, we report on the experimental realization of single

SiNW bipolar phototransistors on silicon-on-insulator substrates. Our SiNW devices are based on

bipolar transistor structures with an optically injected base region and are fabricated using CMOS-

compatible processes. The experimentally measured optoelectronic characteristics of the SiNW

phototransistors are in good agreement with simulation results. The SiNW phototransistors exhibit

significantly enhanced response to UV and visible light, compared with typical Si p-i-n photodio-

des. The near infrared responsivities of the SiNW phototransistors are comparable to those of Si

avalanche photodiodes but are achieved at much lower operating voltages. Compared with other

reported SiNW photodetectors as well as conventional bulk Si photodiodes and phototransistors,

the SiNW phototransistors in this work demonstrate the combined advantages of high gain, high

photoresponse, low dark current, and low operating voltage. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4959264]

The miniaturization of semiconductor devices to the sub-

wavelength scale has opened up new possibilities for creating

faster, smaller, and more sensitive photodetectors. In recent

years, there has been a growing interest in nanowire photode-

tectors based on Si,1–9 Ge,10,11 and various III–V12–14 and

II–VI1,15 materials. In the simplest device structure, both ends

of a single nanowire are connected to electrodes. High photo-

conductive gains have been reported in such devices and

attributed to the trapping of photogenerated charge carriers by

nanowire surface states.4,16 On the downside, the performance

of nanowire photoconductive devices is typically limited by

a slow response time of >1ls and high dark currents in the

nA range. Alternatively, nanowire avalanche photodiodes

have shown potential for high optical gain and high-speed

response1,2 although they typically require a high operating

voltage and exhibit excess noise due to the avalanche multi-

plication process. In bulk devices, bipolar phototransistors

(BPT) commonly based on III–V heterojunction materials

are capable of providing high optical gain without the

drawback of avalanche excess noise.17 However, the large

base-collector capacitance in conventional bulk bipolar

phototransistors imposes a limit on their high-frequency

response.

In this letter, we present the experimental demonstration

of a single silicon nanowires (SiNW) photodetector based on

the bipolar phototransistor structure. Compared with SiNW

photodetectors based on photoconductors or p-n (or p-i-n)

junction photodiode structures,1–5 our device structure has

the simultaneous advantages of high optical gain, low operat-

ing voltage, and lower dark current. An obvious strength of

nanoscale bipolar phototransistors over their bulk counter-

parts is that the significantly reduced parasitic capacitance

will result in better high-frequency performance. Moreover,

the planar SiNW bipolar phototransistor device structure

allows for integration with nanoscale antennas to exploit the

properties of surface plasmons for photodetection sensitivity

enhancement.10,18–20

We fabricate single SiNW bipolar phototransistors on a

silicon-on-insulator (SOI) wafer in a top-down, CMOS-

compatible approach (as described in supplementary material

Section S1).21 Although a higher emitter injection efficiency

can be expected in npn-type phototransistors, a pnp-type struc-
ture based on a p-type SOI wafer is implemented in this work

due to the availability of suitable starting wafers. Fig. 1(a)

shows a scanning electron microscopy (SEM) image of a sin-

gle SiNW phototransistor device after formation of the active

regions by ion implantation. The design values of the length,

width, and thickness of the SiNW are 3lm, 200 nm, and

200 nm, respectively. SEM inspection reveals that the actual

SiNW length and thickness meet the design values, while the

actual width is �250 nm. Along the length of the nanowire, a

pnp device structure is defined with a 1lm pþ-doped emitter,

an n-doped base with length ranging from 100 to 500 nm, a

collector with 1lm unintentionally doped (p�) section fol-

lowed by a pþ-doped sub-collector with length <1lm. Each

end of the nanowire is connected to a large-area pþ-doped
contact pad, on which ohmic metal contact is deposited. The

desired pþ (�5� 1019 cm�3) and n (�5� 1017 cm�3) doping

levels in the device regions are achieved by boron and
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France.
b)Author to whom correspondence should be addressed. Electronic mail:

yaping.dan@sjtu.edu.cn

0003-6951/2016/109(3)/033505/5/$30.00 Published by AIP Publishing.109, 033505-1

APPLIED PHYSICS LETTERS 109, 033505 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  101.224.221.47 On: Wed, 20 Jul 2016
22:59:08

Page 90



Si nanowire phototransistors at 
telecommunication wavelengths by plasmon-

enhanced two-photon absorption 
Hamidreza Siampour and Yaping Dan* 

State Key Laboratory of Advanced Optical Communication Systems and Networks, University of Michigan-Shanghai 
Jiao Tong University Joint Institute, Shanghai Jiao Tong University, Shanghai, 200240, China 

*yaping.dan@sjtu.edu.cn 

Abstract: The on-chip integration of optical waveguides with 
complementary metal-oxide-semiconductor (CMOS) transistors is the next 
generation technology for high-speed communications. The advance of such 
a technology requires a high-performance photodetector operating at 
communication wavelengths. However, silicon does not absorb photons at 
communication wavelengths because of its relatively large bandgap. 
Growing high quality small bandgap semiconductors on top of silicon is 
challenging due to lattice mismatch. An all silicon photonic CMOS 
technology is an attractive option. Here, we demonstrate a high-
performance silicon phototransistor that operates at the communication 
wavelengths by two-photon absorption effect. To turn silicon into a light 
absorptive material at communication wavelengths, we have designed a 
sophisticated plasmonic antenna structure to increases the intensity of light 
in the silicon nanowire by 5 orders of magnitude. At the high light intensity, 
the light absorption in silicon is dominated by the two-photon absorption 
effect. The generated photocurrent is further amplified by the Si nanowire 
phototransistor, a section of which is doped to be a core-shell pn junction. 
Simulation results indicate that the device can achieve a responsivity of 

42.4 10×  A/W and a 3-dB bandwidth over 300 GHz. Successful 
development of such a device is important for the next generation high-
speed communication technology. 
©2016 Optical Society of America 
OCIS codes: (040.5160) Photodetectors; (060.0060) Fiber optics and optical communications; 
(190.0190) Nonlinear optics; (250.5403) Plasmonics; (250.5300) Photonic integrated circuits. 
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Three-Dimensional End-to-End Modeling and Analysis for

Graphene-Enabled Terahertz Band Communications
Chong Han, Member, IEEE, and Ian F. Akyildiz, Fellow, IEEE

Abstract—Terahertz (0.1-10 THz) band communication is en-
visioned as a key technology to satisfy the increasing demand for
ultra-high-speed wireless links. In this paper, a three dimensional
(3-D) end-to-end model in the THz band is developed, which
includes the graphene-based reflectarray antenna response and
the 3-D multi-path propagation phenomena. In particular, the
architecture of a graphene-based reflectarray antenna is inves-
tigated and the 3-D radiation pattern is modeled. Moreover,
a 3-D THz channel model based on ray tracing techniques is
developed, as a superposition of the line-of-sight (LoS), reflected
and scattered paths. By using the developed end-to-end model,
an in-depth analysis on the 3-D channel characteristics is carried
out. Specifically, the gain at the main beam of the graphene-based
reflectarray antenna is 18 dB, and the 3-dB beamwidths in the
elevation and azimuth planes are 7o and 10o respectively. The use
of the reflectarray leads to a decrease of the delay spread from
1.23 ns to 0.099 ns, which suggests that the resulting coherence
bandwidth reaches 2 GHz. Moreover, the rms angular spread in
the elevation plane is less than 0.12o, which is 1/10 of that without
beamforming. Furthermore, the wideband channel capacity at
THz frequencies is characterized, which can be enhanced with
a larger transmit power, a lower operating frequency, a larger
bandwidth and a higher beamforming gain. Finally, the beam-
forming gain enabled by the reflectarray antenna is compromised
at the cost of the strict beam alignment, and the deviation needs
to be smaller than 11o. The provided analysis and the channel
physical parameters lay out the foundation and are particular
useful for realizing reliable and efficient ultra-high-speed wireless
communications in the THz band.

Index Terms—Terahertz Band, 3-D channel, Graphene, Reflec-
tarray Antenna, Wideband.

I. INTRODUCTION

IN recent years, the wireless data traffic grew exponentially,

further accompanied by an increasing demand for higher

data rates. The data rates have doubled every eighteen months

over the last three decades and are currently approaching the

capacity of wireless systems [1]. Following this trend, wireless

data rates of 100 Gbps and even 1 Tbps will become reality

within the next decade [2]. In addition to many proposed

solutions for next generation advanced cellular systems, the

Terahertz band, i.e., 0.1-10 THz, is considered as one of the

Copyright (c) 2015 IEEE. Personal use of this material is permitted.
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obtained from the IEEE by sending a request to pubs-permissions@ieee.org.
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most promising spectrum bands to support ultra-high-speed

wireless communications in the future [3]. With its ability to

offer an ultra-broad bandwidth and very high data rates, the use

of the THz band is envisioned to address the spectrum scarcity

and capacity limitations of current wireless systems, and boost

a plethora of applications, including ultra-high-speed wireless

backhaul to the small cells, and ultra-high-speed data transfers

among proximal devices [4]. Furthermore, related to vehicular

networks, THz band communications [5] can be applied in

intelligent transport systems for intra-vehicle, inter-vehicle and

vehicle-to-roadside wireless ultra-broadband links.

For the realization of efficient wireless communication

networks in the THz band, it is imperative to develop an accu-

rate three-dimensional (3-D) channel model which accurately

characterizes the Terahertz spectrum peculiarities in both the

elevation and azimuth planes. In realistic application scenarios,

the multi-path rays arrive at the receiver from both the azimuth

and elevation planes, which is the result of the 3-D radiation

diagram of the antennas and the 3-D propagation of the

electromagnetic waves in the channel. These facts introduce

an angular spread in the elevation plane, and influence the

channel physical peculiarities. The first model that recognizes

the elevation coordinate in a 3-D model was proposed in [6], in

which the author assumed the arriving signals were uniformly

distributed in the azimuth plane and non-uniformly distributed

in the elevation plane. Further development provides analytical

solutions of the power spectral density of the received signal in

the three dimensions and produces the desired spatio-temporal

characteristics of 3-D wireless channels as studied in [7],

[8]. However, these models for lower frequency bands do not

capture the behavior of the THz band, such as the very high

molecular absorption loss or the very high reflection loss.

Existing THz band channel models in [9], [10], [11], [12]

are developed for 2-D cases, which fail to describe signal

variations in the elevation plane. Furthermore, THz antenna

responses are not included in these models. Consequently,

there is a need for an end-to-end model, which captures the

antenna response and the 3-D multi-path propagation, and

investigates the resulting channel characteristics.

Graphene-based antennas to operate in the THz band are

suggested in [13], [14], [15], due to the fact that graphene

supports the propagation of surface plasmon polariton (SPP)

waves. The main merit of using graphene-based antennas is

that the equivalent electrical size is much larger than its physi-

cal dimensions, owing to the much lower speed of SPP waves

in a graphene-based antenna compared to that of free-space

electromagnetic waves in a metallic antenna [15]. To overcome

the very high path loss at THz frequencies, reflectarray antenna

technologies [16] are very attractive among others. In partic-
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Distance-Aware Bandwidth-Adaptive Resource
Allocation for Wireless Systems in the

Terahertz Band
Chong Han, Member, IEEE, and Ian F. Akyildiz, Fellow, IEEE

Abstract—Terahertz (0.06–10 THz) band communication is en-
visioned as a key technology to satisfy the increasing demand
for ultrahigh-speed wireless links. In this paper, a distance-aware
bandwidth-adaptive resource allocation scheme is developed for
THz band communication networks, which has the objective to
improve the distance. The proposed scheme captures the unique
channel peculiarities including the relationship between the dis-
tance and the bandwidth, and strategically utilizes the spectrum
to enable multiple ultrahigh-speed links. Based on the developed
scheme, the subwindows of the THz spectrum, the modulations,
and the transmit power are adaptively allocated, for both single-
user and multiuser communications. The numerical results show
that the developed resource allocation scheme improves the dis-
tances and exploitation of the THz spectrum significantly. Specif-
ically, 10 Gb/s can be supported at 4 m in the multipath channel,
while 100 Gb/s is achieved up to 21 m in the line-of-sight trans-
mission with the use of 20 dB gain antennas. Furthermore, in the
multiuser network, 14 10 Gb/s links can be supported simultane-
ously in the multipath channel. With the use of 20 dB gain antennas,
13 100 Gb/s links can be supported at the same time. Moreover,
the developed resource allocation scheme outperforms the existing
millimeter-wave systems and the nonadaptive scheme. This paper
achieves the design objective and contributes to enable multiple
ultrahigh-speed links in the THz band communication network.

Index Terms—Bandwidth (BW)-adaptive, distance-aware, re-
source allocation, strategic spectrum allocation, terahertz (THz)
band.

I. INTRODUCTION

IN recent years, the wireless data traffic grew exponentially,
further accompanied by an increasing demand for higher

data rates. The data rates have doubled every 18 months over
the last three decades and are currently approaching the ca-
pacity of wireless communication systems [2]. Following this
trend, the ultrahigh-speed data rates are expected to reach 100
Gigabit-per-second (Gb/s) or more within the next decade. New
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spectral bands as well as advanced physical layer solutions are
required to support this high data rate for future wireless com-
munications. In addition to many proposed solutions for next-
generation advanced cellular systems [3], the (0.06–10) tera-
hertz (THz) band is identified as one of the promising spectrum
bands to enable ultrahigh-speed communications [4], [5].
For the realization of ultrahigh-speed wireless communica-

tion networks in the THz band, it is imperative to develop a
novel communication scheme that can address the unique chal-
lenges and requirements, which are summarized as follows.
First, the transmission distance for ultrahigh-speed communi-
cation is very limited due to the very high path loss. An advanced
communication scheme needs to be developed with the object
to improve the transmission distance to support single or even
multiple ultrahigh-speed links simultaneously [6]. Second, the
physical properties in the channel need to be taken into account.
For example, the very strong relationship between the distance
and the bandwidth (BW) in the THz band requires adaption of
the utilizedBWas a function of the distance.Moreover, the delay
spread and the coherence BW [7] affect the physical parame-
ters design in the communication scheme. Third, the enormous
usable BW in the THz band needs to be fully and efficiently
exploited in multiuser networks. In particular, a strategic spec-
trum utilization design is demanded to simultaneously support
multiple ultrahigh-speed links in the THz band.
In light of these challenges, the development of a resource al-

location scheme appears to be attractive, which have been well
investigated for the multiuser multicarrier systems at lower fre-
quencies [8]–[12]. However, none of these existing works fully
addresses the aforementioned challenges. Recently, ultrahigh-
speed communication schemes in the THz band have been stud-
ied. For example, a single-band pulse-based scheme was pro-
posed in [13]. Moreover, a multiwideband waveform design
was analyzed in [14], in which an optimization framework is
formulated to solve for the transmit power and the number of
frames, with the aim to maximize the distance. Nevertheless,
these two schemes rely on pulse-based communications and do
not support more spectrum-efficient modulations, which poses a
limitation on the maximum achievable data rates. Furthermore,
experimental studies in [15]–[17] have shown the feasibility of
broadband communications by exploiting the low THz frequen-
cies (i.e., around 0.3 THz) to enable 100 Gb/s wireless links
below 20 m. However, the resources including the ultrabroad
BW, the modulation scheme, and the transmit power are not
jointly and intelligently utilized, by being aware of the distance-
BW dependence in the THz band.

2156-342X © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Applications of the conformal transformation method in

studies of composed superconducting systems
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A framework for analytical studies of superconducting systems is presented and illustrated. The
formalism, based on the conformal transformation of momentum space, allows one to study the
effects of both the dispersion relation and the structure of the pairing interaction in two-dimensional
anisotropic high-Tc superconductors. In this method, the number of employed degrees of freedom
coincides with the dimension of the momentum space, which is different compared to that in the
standard Van Hove scenario with a single degree of freedom. A new function, the kernel of the
density of states, is defined and its relation to the standard density of states is explained. The
versatility of the method is illustrated by analyzing coexistence and competition between spin-singlet
and spin-triplet order parameters in superconducting systems with a tight-binding-type dispersion
relation and an anisotropic pairing potential. Phase diagrams of stable superconducting states in
the coordinates η (the ratio of hopping parameters) and n (the carrier concentration) are presented
and discussed. Moreover, the role of attractive and repulsive on-site interactions for the stability of
the s-wave order parameter is explained.

Keywords high-temperature superconductivity, conformal transformation, pairing symmetry, critical
temperature
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1 Introduction

During the last three decades, high-Tc superconduct-
ing systems have been one of the most actively stud-
ied systems in condensed matter physics, both theoret-
ically and experimentally. This is due to their huge po-
tential in applications that span over a wide spectrum
— from energy storage systems to quantum informa-
tion processing. The new generation superconductors,
such as copper-oxides, where charge carriers are effec-
tively confined within the CuO2 planes, are usually de-
scribed as quasi-two-dimensional (quasi-2D) systems of
fermions [1–7]. This is due to the characteristic, strongly
anisotropic, layered structure of these materials with
the symmetry of the CuO2 planes characterized by the
point group C4v [8–12]. Currently, various approaches

c© Higher Education Press and Springer-Verlag Berlin Heidelberg 2016
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A graphical model of smoking-induced global instability in lung
cancer‡

Yanbo Wang 1, Weikang Qian 2, Bo Yuan 1,†
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Smoking is the major cause of lung cancer and the leading cause of cancer-related death in the world. The most current view about
lung cancer is no longer limited to individual genes being mutated by any carcinogenic insults from smoking. Instead, tumorigenesis
is a phenotype conferred by many systematic and global alterations, leading to extensive heterogeneity and variation for both the
genotypes and phenotypes of individual cancer cells. Thus, strategically it is foremost important to develop a methodology to capture
any consistent and global alterations presumably shared by most of the cancerous cells for a given population. This is particularly
true that almost all of the data collected from solid cancers (including lung cancers) are usually distant apart over a large span
of temporal or even spatial contexts. Here we report a multiple non-Gaussian graphical model to reconstruct the gene interaction
network using two previously published gene expression datasets. Our graphical model aims to selectively detect gross structural
changes at the level of gene interaction networks. Our methodology is extensively validated, demonstrating good robustness, as
well as the selectivity and specificity expected based on our biological insights. In summary, gene regulatory networks are still
relatively stable during presumably the early stage of neoplastic transformation. But drastic structural differences can be found
between lung cancer and its normal control, including the gain of functional modules for cellular proliferations such as EGFR and
PDGFRA, as well as the lost of the important IL6 module, supporting their roles as potential drug targets. Interestingly, our method
can also detect early modular changes, with the ALDH3A1 and its associated interactions being strongly implicated as a potential
early marker, whose activations appear to alter LCN2 module as well as its interactions with the important TP53-MDM2 circuitry.
Our strategy using the graphical model to reconstruct gene interaction work with biologically-inspired constraints exemplifies the
importance and beauty of biology in developing any bio-computational approach.

Index Terms—Lung cancer, graphical model, alternating direction method of multipliers.

I. INTRODUCTION

Lung cancer is the leading cause of death among all

malignancies in the world, most of which (> 85%) are

resulted from smoking. Over the years, we become more

aware of the fact that cancer including lung cancer is not

limited to individual genetic changes but a phenotype possibly

conferred by many systematic and global alterations [35].

However, still a number of key biological questions remain:

Firstly, do individual lung cancers resulted from smoking share

any non-random molecular changes, implicating a smoking-

induced cascade? Secondly, even though only about 10-20%

of smokers eventually develop lung cancer, it is still important

to find out what would be the early changes, mainly at the

systems level, that might potentially contribute to the risks of

smoking (early markers). Finally, it is unclear why individuals

still remain at high risk of developing lung cancer long after

their cession of smoking. The overall goal of this paper is

therefore to develop a constraint-based searching methodology

to capture any significant and systematic changes occurring

during the neoplastic transformation of lung. It is our belief

that gene interactions instead of individual genes at the global

level would be better (and more robust) markers for lung

cancers, potentially facilitating our understanding of smoking-

induced lung cancer.

Previous attempts have been largely focusing on individual

genes by large-scale comparisons [40],[41]. In both human

† Corresponding author, boyuan@sjtu.edu.cn
‡ Supported by NNSFC Grants 14Z103010221

and mouse, a number of important oncogenes and tumor

suppressor genes are highly associated with the neoplastic

transformation of lung, including ki-Ras, c-Myc, TP53, IL6,

IL10, CASP family [11],[27],[42],[45] as well as loss of

heterozygosity and change of epigenetics, etc. However, col-

lection of individual events has failed to provide a global

and systematic view of lung cancer, both structurally and

temporally at the level of gene interaction and regulation.

Using high-throughput technologies, a much larger group of

genes are compared for their differential expressions, leading

to the notion that tumorigenesis is a systematic problem,

affecting many more genes and modules than what we would

previously expect. Clinical problems previously unclassified

are now known to exhibit substantial molecular subtypes,

contributing to new diagnosis and treatment regiments, as well

as better differential prognosis. However, much of the com-

putational methodologies previously developed are centered

on clustering and classification based problems [14],[16],[17],

without taking into account of any simultaneous interactions

involving multiple genes. This is important because of the

possibility that despite multiple genes and their expressions

might be just slightly altered (insignificant in pairwise com-

parisons) under the assumption of conditional dependence, a

large number of genes (a module and/or highly interactive

genes involving hubs) might become apparent as a group using

a graphical model.

For instance, using genechips, smokers with and without

lung cancers were compared for their expression profiles. A

set of biomarkers for lung cancer were obtained from the can-
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Abstract—Computational inference of causal relationships un-
derlying complex networks, such as gene-regulatory pathways, is
NP-complete due to its combinatorial nature when permuting all
possible interactions. Markov chain Monte Carlo (MCMC) has
been introduced to sample only part of the combinations while
still guaranteeing convergence and traversability, which therefore
becomes widely used. However, MCMC is not able to perform
efficiently enough for networks that have more than 15∼20 nodes
because of the computational complexity. In this paper, we use
general purpose processor (GPP) and general purpose graphics
processing unit (GPGPU) to implement and accelerate a novel
Bayesian network learning algorithm. With a hash-table-based
memory-saving strategy and a novel task assigning strategy, we
achieve a 10-fold acceleration per iteration than using a serial
GPP. Specially, we use a greedy method to search for the best
graph from a given order. We incorporate a prior component
in the current scoring function, which further facilitates the
searching. Overall, we are able to apply this system to networks
with more than 60 nodes, allowing inferences and modeling of
bigger and more complex networks than current methods.

Index Terms—Bayesian Networks; GPU; MCMC; Priors

I. INTRODUCTION

Bayesian network (BN) is a probabilistic graphical model
that describes causal relationship through directed acyclic
graphs (DAG). In this work, we focus on the problem of
learning a Bayesian network that characterizes the causal rela-
tionship from experimental data. This problem is proved to be
NP-complete [1]. Due to the large number of graph structures,
sampling-based methods are proposed to find the best match-
ing graph using a scoring metric. Several sampling methods
have been proposed, including graph-space sampling, order-
space sampling, and order-graph sampling [2]. Among all
these sampling methods, order-space sampling is demonstrated
to be the best one [2]. However, these methods are still not
efficient enough for large graphs. In this paper, we proposed
a new strategy for sampling the order space. Specifically, we
apply a greedy strategy into the order sampling procedure.
Our new method is more accurate than the previous ones
while maintaining the same complexity in the sampling stage.

†Corresponding author.

Furthermore, it does not require a postprocessing part which
is needed in the previous methods.

In addition to experimental data, in many situations, prior
knowledge for at least part of a given Bayesian network is
available. Adding prior knowledge in the learning process can
enhance the accuracy of the result while significantly reduce
the searching space. Methods of adding priors include graph-
based and probability-aimed [3]. However, the “pairwise” prior
knowledge which indicates the likelihood of one event causing
another is more easily obtained. Yet, no methods exist that can
integrate such prior knowledge into the BN learning algorithm.
In this work, we propose a novel prior component which can
be easily added into our scoring function as a pairwise weight.
It represents user’s “confidence” in the possible existence or
non-existence of an edge.

Nevertheless, learning Bayesian interactions is still
compute-intensive, demanding both software and hardware
advancements. Novel computational platforms such as field-
programmable gate array (FPGA) and graphics processing unit
(GPU) have been applied to facilitate the learning of Bayesian
networks [4]–[6]. GPU is known to be highly efficient for
massively parallel computational problems. In this work, we
exploit the parallelism in our novel Bayesian network learning
algorithm and implement it on GPU. The combination of our
novel algorithm and its GPU implementation allows us to
learn graphs with up to 60 nodes.

The remainder of the paper is organized as follows. In
Section 2, we introduce the background on the problem of
learning Bayesian networks. In Section 3, we describe the
improved learning algorithm. In Section 4, we demonstrate
our novel method for adding priors. In Section 5, we discuss
the implementation on GPU. In Section 6, we show the
experimental results on the performance of our algorithms.
We conclude the paper in Section 7.

II. BACKGROUND

A Bayesian network G is a probabilistic graphical model
that represents a set of random variables and their conditional
dependencies via a directed acyclic graph (DAG). Each node in
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Optically induced transparency in a micro-cavity

Yuanlin Zheng1, Jianfan Yang2, Zhenhua Shen1, Jianjun Cao1, Xianfeng Chen1, Xiaogan Liang3 and
Wenjie Wan1,2

Electromagnetically induced transparency has the unique ability to optically control transparency windows with low light in

atomic systems. However, its practical applications in quantum physics and information science are limited due to rigid experi-

mental requirements. Here we demonstrate a new mechanism of optically induced transparency in a micro-cavity by introducing

a four-wave mixing gain to nonlinearly couple two separated resonances of the micro-cavity in an ambient environment. A sig-

nature Fano-like resonance was observed owing to the nonlinear interference of the two coupled resonances. Moreover, we show

that the unidirectional gain of the four-wave mixing can lead to the remarkable effect of non-reciprocal transmission at the trans-

parency windows. Optically induced transparency may offer a unique platform for a compact, integrated solution to all-optical

and quantum information.

Light: Science & Applications (2016) 5, e16072; doi:10.1038/lsa.2016.72; published online 6 May 2016

Keywords: Fano resonance; induced transparency; micro-cavity; non-reciprocity

INTRODUCTION

Electromagnetically induced transparency (EIT) is one of the greatest
discoveries to verify the quantum interference nature of atomic
systems1. It allows the flipping of an optical opaque transmission
window to a transparent one under a secondary coherent illumination
beam even at the few-photon limit2,3, which immediately provides
an opportunity for light–matter–light interactions that are in
great demand by all-optical and quantum information processing4.
However, the long-lasting challenge is that direct interactions between
photons are prohibited unlike electrons in an electronic system. EIT
was first proposed and observed in atomic gases1, and has also been
observed in solid state systems5,6. Much attention has been drawn to
its unique properties, including slowing or even stopping light, all-
optical switching and photon storage6–9. This provides tremendous
opportunities for quantum physics and information science. However,
in most circumstances, those atoms must be prepared in gas phase,
which requires optical cooling or vapor heating techniques combined
with vacuum isolation, making it difficult for chip-scale integrations,
which are the major proposed applications. Alternatively, classical
analogies that mimic the EIT effect are under active pursuit in
various physical systems, including coupled resonators10,11, photonic
crystals12,13 and plasmonic meta-materials14. However, most of these
rely on linear coupling between the resonances, which can only exhibit
EIT-like spectra, but lack of actively controlled transparency. Until
recently, successful attempts15–18 have cloned the idea of EIT in an
opto-mechanical micro-cavity to induce a narrow transparency with
the aid of mechanical oscillations that are excited through Brillouin
scattering (BS) nonlinearity, which provide enough phonons to couple

some hybrid optical-mechanical resonances that are similar to their
counterparts, photons in the EIT. However, most of these attempts
still require cooling and vacuum systems to preserve the high-quality
mechanical modes; furthermore, careful designs must be addressed for
both the mechanical and optical modes.
In this work, we were motivated by the EIT in atomic systems.

We report an optically induced transparency (OIT) scheme in a
compact micro-cavity in an ambient environment by exploring cavity-
enhanced four-wave mixing (FWM) gain to introduce a transparency
window in an opaque resonance dip. This resonance dip directly
results from the interference between two resonances that are coupled
nonlinearly through the FWM process. Active controlling of the OIT
can be achieved by varying a strong pump beam, and small frequency
detuning of the pump can lead to a Fano-like asymmetric resonance to
justify the interference nature of the OIT. Furthermore, the OIT
observed here is a non-reciprocal one because the FWM gain is
unidirectional owing to the conservation law of momentum. Our
unique OIT scheme offers a completely new platform to study
analogical atomic quantum interference effects in a simple manner.
Moreover, it can be further exploited for critical on-chip photonics
applications, such as optical isolator, all-optical switching and wave-
length conversion.

MATERIALS AND METHODS

We developed an OIT window inside a single optical resonance dip of
a whispering gallery mode (WGM) micro-cavity through a cavity-
enhanced FWM scheme, as shown in Figure 1. In the waveguide-
coupled micro-cavity, light can tunnel from the input waveguide into

1The State Key Laboratory of Advanced Optical Communication Systems and Networks and Collaborative Innovation Center of IFSA, Department of Physics and Astronomy,
Shanghai Jiao Tong University, Shanghai 200240, China; 2MOE Key Laboratory for Laser Plasmas, the University of Michigan-Shanghai Jiao Tong University Joint Institute,
Shanghai Jiao Tong University, Shanghai 200240, China and 3Department of Mechanical Engineering, University of Michigan, Ann Arbor, MI 48109, USA
Correspondence: W Wan, Email: wenjie.wan@sjtu.edu.cn; X Chen, Email: xfchen@sjtu.edu.cn
Received 28 September 2015; revised 7 January 2016; accepted 7 January 2016; accepted article preview online 14 January 2016

Light: Science & Applications (2016) 5, e16072; doi:10.1038/lsa.2016.72
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Nonlinear negative refraction by difference frequency generation
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Negative refraction has attracted much interest for its promising capability in imaging applications.

Such an effect can be implemented by negative index meta-materials, however, which are usually

accompanied by high loss and demanding fabrication processes. Recently, alternative nonlinear

approaches like phase conjugation and four wave mixing have shown advantages of low-loss and

easy-to-implement, but associated problems like narrow accepting angles can still halt their practi-

cal applications. Here, we demonstrate theoretically and experimentally a scheme to realize nega-

tive refraction by nonlinear difference frequency generation with wide tunability, where a thin Beta

barium borate slice serves as a negative refraction layer bending the input signal beam to the idler

beam at a negative angle. Furthermore, we realize optical focusing effect using such nonlinear neg-

ative refraction, which may enable many potential applications in imaging science. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4948974]

Negative refraction (NR) bending light in a reversed man-

ner as opposed to the normal refraction has continuously

attracted growing interests from many fields including optics,

acoustics, and microwaves,1–7 for its promising applications

in imaging, cloaking, and sensing.8–13 Such a phenomenon

has been realized in many formats including photonic crys-

tals,7 metal thin films,9 meta-materials,2–6,10 while high losses

especially in optical regime from metallic materials: the key

elements enabling NR, and the demanding technologies to

fabricate these nano/micro structures, strongly limit NR’s

practical applications. Alternatively, an effective NR has been

proposed in nonlinear optics by using nonlinear optical proc-

esses such as phase conjugation and four wave mixing

(4WM) in order to achieve effective NR between incident

waves and nonlinear generated ones. For example, NR has

been demonstrated with signal beams and 4WM beams in a

4WM scheme with thin 3rd order nonlinear slab such as

metal, graphite thin film, and glass.14–18 Furthermore, one rev-

olutionary imaging technique has been realized by exploring

the phase matching conditions during 4WMs in Refs. 19 and

20. With the goal to achieve super-resolution microscopy,

such nonlinear NRs are capable of manipulating near-field

evanescent waves, studied in both microwave21–24 and

optics.25 However, in these nonlinear NRs, some minor prob-

lems such as narrow phase matching angle may still hold off

their applications in imaging.

In this letter, we propose and experimentally demon-

strate a way to achieve NR based on nonlinear difference fre-

quency generation (DFG). With a thin slice of Beta barium

borate (BBO) crystal containing second-order nonlinearity,

an infrared signal beam interacts with the pump beam nonli-

nearly through DFG process to give rise to the visible idler

beam which is negatively refracted with respect to the signal

to fulfill the phase matching. These negatively refracted idler

beams can focus and form the image of the object illumi-

nated by the signal beams. We analyze the focusing behavior

in both non-collinear and collinear configurations where

one-dimensional focusing and two-dimensional focusing can

be obtained, respectively. The phase matching condition

governs the negatively refracted angle as a function of the

incident angle, which is tunable by tilting the nonlinear ma-

terial. As compared with previous techniques such as 4WM

in thin metal film, this method may benefit from the low ma-

terial loss and better efficient conversion by exploring sec-

ond order nonlinearity of sub-wavelength thin slice or

surface nonlinearity;26 moreover, it offers us a degree of

freedom to select suitable spatial frequencies for imaging

purposes. Our method is promising to be employed in non-

linear converted infrared microscopy and angle-resolved

spectroscopy.

DFG is a second order nonlinear process where the

strong pump beam at frequency xp interacts with the signal

beam at frequency xs to give rise to the idler beam at fre-

quency xi ¼ xp � xs according to the energy conservation

law. This process can take place efficiently when the phase

matching condition (kp
* ¼ ks

* þ ki
*

) is satisfied, where

kp
*

; ks
*

; and ki
*

are the corresponding wave vectors of the

pump, signal, and idler, respectively. In imaging science,

DFG can be applied in converting infrared waves into visible

ones27–30 over a wide spectrum as long as the signal and the

idler beams fulfill the energy conservation law; on the other

hand, the phase matching condition of DFG enables applica-

tions in the phase conjugation.31–33 Moreover, recent works

in degenerated 4WM based NR flat lens have opened up a

route towards super-resolution imaging,19,20 and degenerated

4WM process in the 3rd order nonlinear medium is nearly

identical to DFG in the 2nd order nonlinearity if the two

pump photons in 4WM are replaced by one photon in DFG.

a)Author to whom correspondence should be addressed. Electronic mail:

wenjie.wan@sjtu.edu.cn
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Two-wave mixing is fundamental to applications in optical signal processing, holographic information, and
imaging science. Conventionally, it takes place in a nonlinear medium where self-induced optical grating can
effectively couple two optical waves. However, it demands high input power to trigger nonlinearities and is com-
plicated by the phase shift of the optical grating for the given medium. Here, we separate these physical processes
by studying near-degenerated two-wave mixing in a moving grating induced independently by an external acous-
tic optical modulator. Two-wave mixing is observed under Bragg’s phase matching condition, which is greatly
affected by phase shifting. Moreover, we show that two-wave mixing here is unidirectional due to the propagation
of acoustic waves, which may offer new avenues for applications in optical information processing. © 2015

Optical Society of America

OCIS codes: (190.0190) Nonlinear optics; (190.7070) Two-wave mixing; (190.4223) Nonlinear wave mixing; (190.2055) Dynamic

gratings; (230.1040) Acousto-optical devices.
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1. INTRODUCTION

Nonlinear wave mixing is of great importance to optical science
and technology. It can bridge several optical channels, allowing
information exchange and energy transfer in applications such as
optical signal processing, holographic information, and imaging
science [1–5]. Its simplest form is the mixing between two waves,
which conventionally occurs in a nonlinear medium where the
index of refraction nonlinearly responds to the incident beams.
Consequently, a spatial index variation can be induced inside
due to the interference intensity pattern formed by two waves
similar to the process of recording a hologram [6]. Such a spatial
index variation is usually in the form of a periodic volume grating,
which can successively deflect the incident waves: for example,
through Bragg scattering [7,8]. In this manner, energy can be ef-
ficiently exchanged between the two waves. One representative
example of two-wave mixing (TWM) in photorefractive crystals
can allow applications such as phase conjugation mirror and holo-
graphic information processing [6,9]. Additionally, TWMhas laid
a foundation for observing relevant but more complicated phe-
nomena, e.g., optical induced lattices, spatial lattice soliton/shock
waves, parity-time (PT) symmetry in optics [10–14]. The in-
duced optical grating here is stationary, and the slow response time
(∼ seconds) of photorefractive crystals limits their practical usages.

On the other hand, TWM in a moving grating is a more
interesting and important subject to study because the dynam-
ics of the moving grating complicates the TWM process in
terms of phase matching, directionality [15]. For example,
stimulated Brillouin scattering (SBS), having many applications
in fiber optics and imaging science [16,17], enables the mixing
between near-degenerated two waves in a moving grating in-
duced by stimulated generated phonons through electrostric-
tion [18]. Such SBS exhibits a unique feature of nonreciprocal
wave scattering due to the phase-matching condition [19], thus
allowing unidirectional energy transport. However, it requires
relatively high intensities to trigger such nonlinearity and is dif-
ficult to control the phase in this self-matched mechanism un-
less external index modulation is facilitated [20]. Similar phase
problems arise in other physical systems; for example, in photo-
refractive media, the relative phase between the index variation
and the intensity interference pattern spontaneously rising from
the spatial drift of photoexcited electrons can be controlled ex-
ternally through direct current (DC) electric fields [1,21]; in
quantum wells, an external DC field must be introduced to
vary the near-degenerated TWM in a moving grating [22,23].
Hence, the relative phase here plays an important role in de-
termining the TWM’s gain strength and directionality, similar
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We show that degenerate four-wave mixing (FWM) in nonlinear optics can be described by
an effective Hamiltonian that is pseudo-Hermitian, which enables a transition between a pseudo-
Hermitian phase with real eigenvalues and a broken pseudo-Hermitian phase with complex conjugate
eigenvalues. While bearing certain similarity to that in Parity-Time symmetric systems, this transition
is in stark contrast because of the absence of gain and loss in the effective Hamiltonian. The latter is
real after factoring out the system decay, and the onset of non-Hermiticity in degenerate FWM is
due to the total phase change of the signal wave and the idler wave. This property underlines the
intrinsic coherence in FWM, which opens the door to probe quantum implications of exceptional
points.

Exceptional points (EPs) are intriguing topological
structures responsible for many counter-intuitive phenom-
ena in non-Hermitian systems [1–8], including the phase
transition in Parity-Time (PT ) symmetric systems [9–24]
and laser self termination in a photonic molecule laser
[25–28]. EPs occur when two or more eigenvalues and
eigenstates of an effective Hamiltonian coalesce, and so far
the study of EPs has been limited to complex-valued effec-
tive Hamiltonians, which can be realized, for example, by
adding gain and loss to a Hermitian system. In addition,
while many systems used to probe the properties of EPs
are quantum in nature, the qualitative change around the
EP observed so far can be explained by purely classical
arguments, and quantum coherence has not been shown
to play an important role.

In this letter we advance profoundly our understanding
of EPs and non-Hermitian physics in general on both
of these fronts, by identifying and probing a real-valued
effective Hamiltonian in an intrinsically coherent process,
i.e., degenerate four wave mixing (FWM). FWM is a
nonlinear optical process in which two pump frequencies
interact and generate two sidebands, one with higher fre-
quency (“signal”) and one with lower frequency (“idler”).
The process is called degenerate FWM when the two
pump frequencies coincide. The discovery of nonlinear
optical effects [29–31] was a hallmark in the study of light-
matter interactions, and FWM in particular is important
for generating broadband light with high spatial coher-
ence (i.e., supercontinuum generation) and parametric
amplification.

As we show below, the effective Hamiltonian of
degenerate FWM is not only real but also pseudo-
Hermitian, which enables a transition between a pseudo-

Hermitian phase with real eigenvalues and a broken
pseudo-Hermitian phase with complex conjugate eigen-
values. While bearing certain similarity to that in PT -
symmetric systems, this transition is in stark contrast
because of the absence of gain and loss in the effective
Hamiltonian. As a result, this pseudo-Hermitian tran-
sition is not caused by the intensity asymmetry of the
signal and idler waves in the eigenstates, but rather by
the change of the total phase of these two waves. In other
words, the intrinsic coherence in degenerate FWM is the
key for the onset of non-Hermiticity and brings the system
to the pseudo-Hermitian phase, which opens the door to
probe quantum implications of exceptional points.

Below we consider a system with passive resonances
ωi, ωp, and ωs before the pump beam is applied, with
ωi < ωp < ωs (see Fig. 1). These resonances can be those
of an atomic system [32] or an engineered microstructure

Frequency 

i p spi s

Nonlinear
microresonator

Pump

Signal

Pump

Signal/idler

FIG. 1. Schematics of degenerate FWM in a microresonator.
Left: Pump wave in the waveguide amplifies the input signal
and generates the idler wave, via the degenerate FWM process
in the nonlinear microresonator. Right: Dashed lines mark
the passive resonances ωi, ωp and ωs in the microresonator.
Solid lines mark the idler, pump, and signal frequencies from
left to right.
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The authors present a method for assembling plasmonic nanostructures into already-sealed shallow

nanochannel-based nanofluidic sensor structures. This method is termed as nanofluidic-flow-

assisted-assembly (NFAA). NFAA utilizes nanofluidic flows with large shear rate and stress to

deposit high-areal-density, well-dispersed plasmonic nanoparticles (NPs) into shallow nanochannel

sensing areas. In particular, in a NFAA process, the nano/microfluidic structures are first patterned

into a Si or SiO2 substrate and permanently sealed with fused quartz coverslips using plasma seal-

ing. Afterward, a colloidal solution of plasmonic NPs is driven into the shallow nanochannel struc-

tures. In the shallow nanochannel areas, the large shear rate and stress of the nanofluidic colloidal

solution flow results in the deposition of well-dispersed NPs and effectively prevents undesirable

aggregation of NPs. Using NFAA, the authors have demonstrated the deposition of well-dispersed

Au NPs with various areal densities (102–104lm�2) into shallow nanochannels. The light

absorbance peak of NFAA-coated Au NPs exhibits the narrower full-width-at-half-maximum than

that of the Au NPs directly deposited from a colloidal solution, further indicating that NFAA can

result in the higher degree of dispersion of high-density NPs. The authors also demonstrated that

the additional nanoscale anchoring structures prepatterned in a shallow nanochannel, in combina-

tion with NFAA processes, can enable selective deposition of functional nanoparticles around des-

ignated locations. This work provides a nanofabrication scheme for introducing functional

nanostructures into already-sealed nanofluidic structures. This method could be further generalized

to enable integration of various electrically/optically active nanoscale components into perma-

nently sealed nano/microfluidic structures and therefore address the incompatibility among the fab-

rication routes of these device structures.VC 2016 American Vacuum Society.
[http://dx.doi.org/10.1116/1.4967748]

I. INTRODUCTION

The sensing techniques utilizing plasmonic properties of

metallic nanostructures [e.g., nanoparticles (NPs) and nano-

rods (NRs)] have been a subject of considerable interest

lately because of their high detection sensitivity and low

limit-of-detection.1,2 Examples of such plasmonic device

principles include localized surface plasmon resonance

(LSPR) and surface-enhanced Raman scattering.3–10 The

fabrication of some specific plasmonic sensors, such as the

sensors requiring an integration of permanently sealed

nano/microfluidic structures and plasmonic nanostructures,11,12

involves the deposition of high-areal-density, well-dispersed

metal nanostructures on solid surfaces as well as the sealing of

nano/microfluidic structures through plasma-assisted bonding

of coverslips. However, the demands of a high deposition den-

sity and a high degree of dispersion of metal nanostructures

stand in a trade-off to each other. Especially, high deposition

densities result in significant aggregation of nanostructures and

undesirable interparticle plasmonic coupling for the aforemen-

tioned sensor applications.11,12 Because of this reason, the reg-

ular deposition methods without involving any additional

surface functionalization processes (e.g., direct deposition of

unfunctionalized nanoparticles from a colloidal solution onto

an untreated open surface) usually result in deposition densities

a)H. Nam, J. S. Yoon, and H. Izuoka contributed equally to this work.
b)Electronic mail: xiaoganl@umich.edu
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Abstract: The emerging market of Internet of things has created great demand for low-cost, low-power wireless
technologies. Existing IEEE 802.15.4 standard is designed for low-rate wireless personal area networks (LR-WPANs).
However, current standard does not fully utilise the benefit of the code redundancy. In this study, the authors propose
new coding schemes for LR-WPANs with improved coding gain. They first propose a block code based on extended
Bose–Chaudhuri–Hocquenghem (BCH) code that increases the minimum Hamming distance compared with the
existing code used in LR-WPANs. The computational complexity of the encoder and decoder remains about the same.
In addition, by applying the extended BCH code directly to LR-WPANs, the data rate of the system can be increased
without sacrificing coding performance. They further propose a tail-biting convolutional (TBC) code with optimum
generator polynomials for LR-WPANs. The proposed TBC code enjoys significant performance improvement while
preserving the effective code rate as well as a low decoding complexity. Simulation results validate the effectiveness of
the proposed coding schemes.

1 Introduction

As the Internet of things (IoT) attracts more and more attention
recently, low-cost and low-power wireless communications
become essential to provide ubiquitous connectivity [1].
Constant-envelope modulation technique and low-rate (LR)
coding schemes are adopted to improve power efficiency and
system performance of LR wireless personal area networks
(LR-WPANs) at different frequency bands. Among all wireless
standards, IEEE 802.15.4 standard plays an important role in IoT
for LR-WPANs. The 2.4 GHz physical layer (PHY) in IEEE
802.15.4 standard supports an over-the-air data rate of 250 kb/s.
Direct sequence spread spectrum (DSSS) is applied to improve
system performance and the chip rate is 2 Mb/s. The signals are
then modulated by offset quadrature phase shift keying (OQPSK)
with half-sine pulse shaping filter [2]. Since this modulation is
identical to minimum the shift keying (MSK) modulation, the
transmitted signals have constant envelope. Such a transmitter
has advantage in adopting non-linear power amplifiers and
achieving high-power efficiency.

Conventional approaches apply differential detection to detect
MSK signals. The performance of such detection schemes is not
satisfactory [3–7]. The coherent detection achieves good
performance. However, it is sensitive to initial phase error or
frequency offset. Dai et al. [8] proposed a robust detector, which
provides satisfactory performance with only 1 dB loss compared
with the coherent detector in additive white Gaussian noise
(AWGN) channel.

In addition to improve the performance of demodulation schemes,
the overall system performance can be further improved by fully
utilising the benefit of the code redundancy. For example, DSSS
in IEEE 802.15.4 standard is not simple spreading. It provides
coding gain in addition to spreading gain. The symbol-to-chip

mapping can be viewed as a (32, 4) block code. The minimum
Hamming distance of this code is 12. The coding gain is ∼2 dB at
packet error rate (PER) of 1% [9].

From channel coding perspective, the coding scheme provided in
current standard is not optimal. For general block codes, Griesmer
[10] suggested an upper bound of minimum Hamming distance of
the codes. The minimum Hamming distance must be ≤16 for a
(32,4) code, suggesting that extra coding gain is possible. For
convolutional codes, the bound of free distance listed in [11]
limits the system performance. The convolutional codes with
maximum free distance can be utilised to improve performance. In
a word, there is plenty of room to improve the code efficiency for
LR-WPANs.

In this paper, we propose new coding schemes with improved
coding gain for LR-WPANs. We propose a block code based on
extended Bose–Chaudhuri–Hocquenghem (BCH) code that
improves the coding gain. Such benefit is obtained without extra
computational complexity. By applying the extended BCH code
directly to LR-WPANs, the data rate can be increased without
sacrificing the coding performance. To obtain additional coding
gain, we further propose a tail-biting convolutional (TBC) code
with optimum generator polynomials for LR-WPANs. System
performance can be significantly improved.

The rest of this paper is organised as follows. Section 2 provides
system setup for LR-WPANs. We take the coding scheme of the 2.4
GHz PHY in IEEE 802.15.4 standard as an example for further
discussion. Section 3 proposes new coding schemes based on
block codes. The proposed coding scheme based on convolutional
codes is presented in Section 4. Simulation results are provided in
Section 5 that demonstrates the effectiveness of the proposed
coding schemes. Section 6 extends the proposed coding schemes
to other LR-WPANs standards. Finally, Section 7 concludes this
paper.
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ANC-ERA: Random Access for Analog Network
Coding in Wireless Networks

Wenguang Mao, Xudong Wang, Senior Member, IEEE, Aimin Tang, and Hua Qian

Abstract—Analog network coding (ANC) is effective in improving spectrum efficiency. To coordinate ANC among multiple nodes

without relying on complicated scheduling algorithm and network optimization, a new random access MAC protocol, called

ANC-ERA, is developed to dynamically form ANC-cooperation groups in an ad hoc network. ANC-ERA includes several key

mechanisms to maintain high performance in medium access. First, network allocation vectors (NAV) of control frames are

properly set to avoid over-blocking of channel access. Second, a channel occupation frame (COF) is added to protect

vulnerable periods during the formation of ANC cooperation. Third, an ACK diversity mechanism is designed to reduce

potentially high ACK loss probability in ANC-based wireless networks. Since forming an ANC cooperation relies on bi-directional

traffic between the initiator and the cooperator, the throughput gain from ANC drops dramatically if bi-directional traffic is not

available. To avoid this issue, the fourth key mechanism, called flow compensation, is designed to form different types of ANC

cooperation among neighboring nodes of the initiator and the cooperator. Both theoretical analysis and simulations are

conducted to evaluate ANC-ERA. Performance results show that ANC-ERA works effectively in ad hoc networks and

significantly outperforms existing random access MAC protocols.

Ç

1 INTRODUCTION

ANALOG network coding (ANC) [1] or physical-layer
network coding (PLNC) [2] was first proposed for a

two-way relay channel to improve communication effi-
ciency. With this technique, two end users concurrently
transmit their data frames to the relay node, and then the
superimposed signals are forwarded to end users. Since one
of frames in the superimposed signals is known, the other
frame can be extracted by either end user. Compared to
one-way relaying and traditional network coding, ANC
achieves better spectrum utilization and significantly
enhances the network throughput performance [1], [3].
Thus, it is beneficial to apply ANC to wireless networks.
Moreover, the recent progress in ANC research [4], [5], [6],
[7] gradually leads to more practical ANC schemes that are
not constrained by the synchronization, the modulation
scheme, the frequency offset, or the frame size.

So far, a number of schemes have been developed to
apply ANC to wireless networks with simple topologies
such as line [8], star [9], layered topology [10], hierarchical
topology [11], and other special relay structures [12]. How-
ever, for wireless networks with a general topology such as
mesh networks and ad hoc networks, many problems still
remain to be solved. Particularly, how to effectively form
ANC cooperation among network nodes poses the most
challenging problem. In [13], channel assignment and link
scheduling for forming ANC cooperation groups in an ad

hoc network are formulated as an optimization problem,
which is proved to be NP-hard. In general, the complexity
of scheduling ANC cooperation groups in a wireless net-
work is proved to be NP-complete in [14]. Therefore, for
practical application of ANC in a general wireless network,
random access becomes a preferred approach.

To the best of our knowledge, only a limited number of
papers [15], [16], [17] have studied random access MAC
protocols for ANC (or PLNC). In [15], an algebraic model is
derived for the MAC layer and a random access algorithm
is designed for ANC at a theoretical level; No practical
MAC protocol is actually developed. In [16], a PLNC-based
random access MAC protocol is developed to support con-
current transmissions of different communication pairs in a
single-hop ad hoc network. In [17], a distributed MAC pro-
tocol is proposed to support ANC cooperation in general
wireless mesh/ad hoc networks. This protocol enhances the
network throughput performance in the scenarios where
symmetrical bi-directional traffic flows are available, but
loses its gain if such traffic pattern is absent. Actually, in
many scenarios, e.g., wireless sensor networks, the traffic
pattern may be totally unidirectional [18]. Even for bi-
directional traffic scenarios, flows in different directions are
not necessarily symmetrical. In some cases, bytes from one
direction may account for 85 percent of total traffic [19], so
the extra 70 percent traffic from one direction cannot form
ANC cooperation due to no flows from the other direction.
To keep the performance gain of applying ANC in asym-
metrical traffic scenarios, a new design is necessary.
Another drawback of the protocol in [17] is that it lacks a
mechanism to mitigate the potential issues caused by hid-
den nodes, which may significantly degrade protocol per-
formance in a multi-hop network [20]. Since the hidden
node problem frequently occurs in general mesh/ad hoc
networks [21], [22], effective mechanisms are needed to
solve this problem.

� W. Mao, X. Wang, and A. Tang are with the University of Michigan-
Shanghai Jiao Tong University Joint Institute, Shanghai Jiao Tong
University, Shanghai, China. E-mail: wxudong@ieee.org.

� H. Qian is with the Shanghai Institute of Microsystem and Information
Technology, Shanghai, China.

Manuscript received 24 June 2014; revised 30 Jan. 2015; accepted 3 Feb. 2015.
Date of publication 2 Mar. 2015; date of current version 1 Dec. 2015.
For information on obtaining reprints of this article, please send e-mail to:
reprints@ieee.org, and reference the Digital Object Identifier below.
Digital Object Identifier no. 10.1109/TMC.2015.2402122

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 15, NO. 1, JANUARY 2016 45

1536-1233� 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Page 104



IEEE/ACM TRANSACTIONS ON NETWORKING 1

Analog Network Coding Without Restrictions on
Superimposed Frames

Xudong Wang, Senior Member, IEEE, and Wenguang Mao

Abstract—The applicability of analog network coding (ANC)
to a wireless network is constrained by several limitations:
1) some ANC schemes demand ne-grained frame-level syn-
chronization, which cannot be practically achieved in a wireless
network; 2) others support only a speci c type of modulation
or require equal frame size in concurrent transmissions. In this
paper, a new ANC scheme, called restriction-free analog network
coding (RANC), is developed to eliminate the above limitations. It
incorporates several function blocks, including frame boundary
detection, joint channel estimation, waveform recovery, circular
channel estimation, and frequency offset estimation, to support
random concurrent transmissions with arbitrary frame sizes in
a wireless network with various linear modulation schemes. To
demonstrate the distinguished features of RANC, two network
applications are studied. In the rst application, RANC is applied
to support a new relaying scheme called multi-way relaying,
which signi cantly improves the spectrum ef ciency as compared
to two-way relaying. In the second application, RANC enables
random-access-based ANC in an ad hoc network where ow
compensation can be gracefully exploited to further improve the
throughput performance. RANC and its network applications are
implemented and evaluated on universal software radio peripheral
(USRP) software radio platforms. Extensive experiments con rm
that all function blocks of RANC work effectively without being
constrained by the above limitations. The overall performance of
RANC is shown to approach the ideal case of interference-free
communications. The results of experiments in a real network
setup demonstrate that RANC signi cantly outperforms existing
ANC schemes and achieves constraint-free ANC in wireless net-
works.

Index Terms—Analog network coding, channel estimation,
frame-level synchronization, ow compensation, multi-way
relaying.

I. INTRODUCTION

A NALOG network coding (ANC) supports concurrent
transmissions from two different transmitters to the same

receiver. When one frame (called self frame in this paper) is
known at the receiver, the other one (called desired frame)
can be extracted from the superimposed signals by an ANC
scheme. The assumption of knowing the self frame is valid in
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many scenarios of wireless networking, e.g., two-way relaying.
Thus, it is highly bene cial to incorporate ANC into a wireless
network to support concurrent transmissions and improve both
spectrum ef ciency and network capacity. However, little
progress has been made so far to practically apply ANC to
wireless networks. The dif culty is mainly attributed to the
limitations in the existing ANC schemes.

To date, a number of ANC schemes have been developed.
According to their limitations, these ANC schemes can be
classi ed into two categories. The rst category of ANC
schemes demand a certain level of accuracy in frame-level
synchronization between concurrent transmissions. In this
category, some schemes such as amplify-and-forward two-way
relaying [1] require strict synchronization. Such ANC is only
applicable to a wireless network where all nodes in the network
are strictly synchronized and network-wide packet scheduling
is adopted. However, for many wireless networks such as ad
hoc networks and mesh networks, it is impractical to implement
network-wide packet scheduling or achieve strict synchroniza-
tion among nodes. Other ANC schemes [2] of this category
relaxed the requirement of synchronization by taking advantage
of the cyclic pre x (CP) of orthogonal frequency-division
multiplexing (OFDM) [3], [4]. As long as the misalignment of
the two signals at the receiver does not exceed the length of the
CP, there is no problem with frame reception. Unfortunately,
if no global synchronization device like GPS is available,
achieving synchronization accuracy of within one CP is highly
challenging. Some researchers assume that short signaling
messages (e.g., request to send (RTS)/clear to send (CTS) in
IEEE 802.11) can be exchanged among nodes to achieve such
a synchronization accuracy. However, this approach has been
proved to be infeasible [5].

In the second category of ANC [6], concurrent transmissions
can be totally asynchronous. However, a certain level of asyn-
chronization is required to guarantee an interference-free part in
a frame for two purposes: 1) identify the start (or the end) of a
frame by matching a pilot sequence; 2) estimate channel distor-
tion, frequency offset, and sampling offset. To ensure such an
interference-free part, frame sizes in concurrent transmissions
need to be equal; in case of unequal frame sizes, the shorter
one must be padded to the same size of the longer one. More-
over, some random delay must be added by medium access con-
trol (MAC) before a transmission starts. Padding a shorter frame
degrades spectrum ef ciency, and inserting random delay does
not really guarantee the required level of asynchronization in
concurrent transmissions. Besides, this category of ANC is de-
signed for a speci c modulation scheme. For example, in [6],
the design of ANC takes advantage of the features of minimum

1063-6692 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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On the Capacity Gain from Full Duplex
Communications in a Large Scale

Wireless Network
Xudong Wang, Senior Member, IEEE, Huaiyu Huang, and Taewon Hwang

Abstract—Compared to half duplex communications, full duplex communications can significantly improve link capacity. However, in a

large scale wireless network such as a wireless mesh network, the capacity gain from full duplex communications has not been fully

investigated. To this end, a metric of network capacity called transmission capacity is studied in this paper for a full duplex wireless

network. It captures the maximum transmission throughput in a unit area, subject to a certain outage probability. The key challenge of

deriving transmission capacity is to characterize the aggregate interference of the typical link in a full duplex wireless network, which is

completely different from that in a half duplex wireless network. In this paper, stochastic geometry is employed to model the network

topology as a Thomas cluster point process and then the aggregate interference is characterized as a shot-noise process. Based on

these models, the transmission capacity is derived. Analytical results show that under the same network density the distribution of

aggregate interference in a full duplex wireless network is more dispersed than that in a half duplex wireless network. Comparisons of

transmission capacity between a full duplex network and a half duplex network reveal that the capacity gain from full duplex

communications is limited due to severe aggregate interference. This result implies that self-interference cancellation alone cannot

ensure scalable full duplex wireless networking.

Index Terms—Full duplex wireless communication, stochastic geometry, Thomas cluster point process, transmission capacity

Ç

1 INTRODUCTION

TO improve spectrum efficiency of a radio, advanced self-
interference cancellation technologies [1], [2], [3], [4], [5]

have been invented to achieve full duplex wireless commu-
nications, i.e., simultaneous transmission and reception in
the same frequency. Moreover, techniques for full duplex
MIMO [5] and in-band full duplex WiFi radios [6] have also
been developed.

With full duplex wireless communications, link capacity
can be significantly improved. Practical implementation
shows that 84 percent improvement of link throughput can
be achieved [2]. However, in a large scale wireless network,
how much capacity gain can be achieved is hard to be deter-
mined. In [7], a wireless network with three nodes, one full
duplex access node and two half duplex nodes, is studied,
and the achievable rate of this network is derived. In [8]
throughput gain of a MIMO wireless system with full
duplex radios is analyzed in a single cell wireless network.
Moreover, Contraflow [9] and FD-MAC [10] are designed to
improve the network throughput of a full duplex wireless
network, but these analytical frameworks are proposed for
specific network topologies. In [11], end-to-end delay and

throughput are analyzed for a multi-hop network. How-
ever, the analytical model is based on the assumption that,
an interfering pair of nodes in a full duplex network are
located at the same position asymptotically as network den-
sity approaches zero. Thus, it cannot reveal the network
throughput gain for a large scale full duplex wireless net-
work. As a result, for a large scale wireless network, how to
determine the capacity gain from full duplex communica-
tions remains a challenging problem. In [12], an upper
bound of full duplex network capacity is derived through
disk-packing. Based on this result, the full duplex gain is
studied in a wireless network. Due to asymptotic analysis,
this result does not provide an explicit capacity gain but an
upper bound of the gain.

To derive an explicit capacity gain of a full duplex wire-
less network over half duplex, transmission capacity is
studied by leveraging the tools of stochastic geometry [13] in
this paper. Transmission capacity is defined as the maxi-
mum throughput in an unit area, subject to a certain link
rate and outage probability. For a half duplex wireless net-
work, transmission capacity is derived in [14] where the net-
work topology is modeled as a spatial point process. Due to
full duplex communications on each radio in a full duplex
wireless network, the network topology has to be modeled
in a different way. In this paper, a Thomas cluster point pro-
cess is used to model the network topology. More specifi-
cally, each cluster is represented by a virtual parent node,
which follows the Poisson point process. Moreover, there
are two daughter points scattering in each cluster with nor-
mal distribution. As a result, all daughter points form a
Thomas cluster point process. Based on the Thomas cluster
point process, the aggregate interference experienced by a
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Distributed Opportunistic Scheduling With
QoS Constraints for Wireless Networks

With Hybrid Links
Wenguang Mao, Xudong Wang, Senior Member, IEEE, and Shanshan Wu

Abstract—Opportunistic scheduling for a wireless network with
hybrid links is studied in this paper. Specifically, two link types are
considered: A link of the first type always has a much lower trans-
mission rate than a link of the second type. To avoid starvation in
the first type of links, two link types must be treated differently
in opportunistic scheduling, and quality of service (QoS) con-
straints, such as maximum delay or minimum throughput, must
be imposed on the first link type. Considering QoS constraints,
a distributed opportunistic scheduling scheme is derived based
on the optimal stopping theory. Two scenarios are considered for
the QoS-oriented opportunistic scheduling scheme. In the first
scenario, all links within the same link type follow the same rate
distribution. Thus, QoS constraints are imposed on the entire link
type. In the second scenario, links of the first type follow hetero-
geneous rate distributions. Thus, QoS requirements need to be
imposed on links with the worst performance. Performance results
show that the new opportunistic scheduling scheme outperforms
the existing ones in most scenarios.

Index Terms—Distributed opportunistic scheduling, hybrid
links, optimal stopping theory, quality of service (QoS).

I. INTRODUCTION

I T is common that wireless links in a network have hetero-
geneous characteristics such as transmission rates and QoS

requirements. Such links are called hybrid links in this paper.
One factor leading to link heterogeneity involves application-
specific requirements for different links. For example, some
applications (e.g., control message transmissions in the smart
grid or cognitive radio networks) impose a strong require-
ment on the security, and physical layer techniques [1]–[3]
are applied to ensure perfect secrecy in corresponding links
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(called secure links) [4], [5]. Since perfect secrecy comes at
the cost of degrading channel capacity [6], [7], secure links
have much lower transmission rates as compared to other links
(called regular links). Due to security concern, secure links may
also demand stringent QoS guarantee. For ease of explanation
throughout this paper, we use secure links and regular links to
represent two link types that follow significantly different rate
distributions.

Packet transmissions in a network with hybrid links can
be conducted in two different approaches: 1) following a
pure random access medium access control (MAC) protocol;
2) based on a scheduling scheme. The former approach is
simple and easy to implement, but this may lead to low
throughput in a network with hybrid links due to the pres-
ence of performance anomaly [8], i.e., the wireless medium
is extensively occupied by low-rate transmissions on secure
links. Therefore, the latter approach is necessary to improve
the network throughput. Among existing scheduling schemes,
opportunistic scheduling is considered as the most effective to
exploit fluctuations in channel conditions to produce significant
throughput gains for the entire network [9]–[11]. The key idea
of opportunistic scheduling is explained as follows: given a
transmission opportunity, if a link with the highest transmission
rate is selected, the maximum throughput can be achieved.
Unfortunately, these opportunistic scheduling schemes rely on
the existence of the central controller (e.g., the base station in
cellular networks) and, hence, are hard to implement in ad hoc
networks or wireless mesh networks, where such a central
node is not readily available. To address this issue, several
distributed opportunistic scheduling schemes are proposed in
[12] and [13], which utilized local information to determine
whether to take transmission opportunities or not. However,
the quality of service (QoS) of communication links is not
taken into account in these schemes. A distributed opportunistic
scheduling scheme that considers the delay as a QoS metric is
developed in [14] based on the scheme in [15]. However, this
scheme is not applicable to hybrid links, as it cannot guarantee
QoS requirements for a specific type of links (e.g., secure links)
and, at the same time, maximize the overall throughput. So far,
there is a lack of effective distributed opportunistic scheduling
to support a network with hybrid links.

To treat hybrid links separately and also support QoS require-
ments of a specific type of links, a new distributed opportunistic
scheduling scheme is proposed in this paper. It is developed
based on the optimal stopping theory and considering two
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Talbot grating illumination
SHAODONG FENG, MINGJUN WANG, AND JIGANG WU*
Biophotonics Laboratory, University of Michigan—Shanghai Jiao Tong University Joint Institute, Shanghai Jiao Tong University,
Shanghai 200240, China
*Corresponding author: jigang.wu@sjtu.edu.cn

Received 13 April 2016; revised 9 June 2016; accepted 9 June 2016; posted 10 June 2016 (Doc. ID 263128); published 5 July 2016

We have developed a wide field-of-view lensless in-line
holographic microscope (LIHM) capable of acquiring mi-
croscopic images with a compact design. In our imaging sys-
tem, a Ronchi grating was illuminated by a collimated laser
beam to generate a Talbot self-imaging grating illumination
on the sample, and the in-line holograms were recorded by
a CMOS imaging sensor behind the sample. An iterative
reconstruction algorithm was then applied to reconstruct
the sample image while eliminating the twin-image back-
ground that appears in traditional in-line holography. In
the algorithm, the dark areas of the illumination grating
were used as a known constraint to define the sample
support that led to convergence of the iteration. The
whole-sample image can be acquired by laterally shifting
the grating. We demonstrated the performance of our iter-
ation algorithm and imaging system by successfully acquir-
ing images of polystyrene microspheres with 5 μm diameter
and the wing of a green lacewing. © 2016 Optical Society of
America

OCIS codes: (180.0180) Microscopy; (100.5070) Phase retrieval;

(170.3880) Medical and biological imaging.

http://dx.doi.org/10.1364/OL.41.003157

In the past few years, compact microscopic imaging techniques
have attracted many research efforts because of their potential
applications in personal healthcare and telemedicine [1–4].
To achieve compactness, it is usually desired to remove lenses
in the imaging systems. Example systems include shadow im-
aging [1], optofluidic microscope [2], subpixel perspective
sweeping microscopy [3], and digital in-line holography (DIH)
based techniques [4]. Among them, DIH can achieve non-
contact imaging of the sample with flexible sample-to-sensor
distance and is able to reconstruct sample images with only
one or few intensity measurements.

In conventional DIH, where the image is reconstructed
by direct propagation of the recorded hologram to the sample
position, the undesired twin-image background will appear be-
cause of the loss of phase information during recording of the
hologram [5]. The twin-image background will be more promi-
nent and affect the imaging quality for short sample-to-sensor

distance, which is required in compact imaging systems. To
improve the imaging quality in DIH, many methods have been
proposed to eliminate or reduce the twin-image background
[5–15]. Among them, phase retrieval techniques [6] are the
most popular solutions, where the phase information of the
optical field is retrieved according to intensity measurements.

One type of major phase retrieval technique is based on the
iterative algorithms originally developed by Gerchberg and
Saxton [7], and Fienup [8], where the optical field is iteratively
propagated either between the sample plane and one hologram
recording plane (method 1) [8] or between two hologram re-
cording planes located at different axial positions (method 2)
[9] while constraints in the planes are applied to achieve con-
vergence of the iteration. Compared with method 2, method 1
requires only one hologram recording and the system setup is
simpler with the trade-off that some kind of constraint has to be
introduced in the sample plane. Naturally, the constraint in the
hologram recording plane is the recorded intensity of the holo-
gram. And in the sample plane, the constraints can be based on
the assumption that the sample is nonnegative [10] or has pos-
itive absorption [11]. The constraints also can be based on fi-
nite sample support [12–14], where Koren et al. [12] used a
gradient operator to identify the edge of the in-focus image that
contained high spatial frequency components; Raupach et al.
[13] used an adaptive mask that found the object edge by com-
paring it with the background average and a preset threshold;
and Mudanyali et al. [14] defined the support by either thresh-
olding the intensity of the direct holographic reconstructed im-
age or searching for the local minimums. Nevertheless, these
methods all need to search for the sample support, which de-
pends on the sample image obtained by direct holographic
reconstruction. And the searching might be inappropriate for
samples with obscure boundaries. This issue can be solved by
using a designed periphery to define the sample support [15].
However, because of loose support constraint, the reconstruc-
tion results were not optimal and it was necessary to resort to
previous methods to get better images. Furthermore, the sam-
ple information outside the designed support region also will
be lost and there is a trade-off between support area and the
imaging field-of-view.

To address the above-mentioned issues on defining the sam-
ple support, we propose a lensless in-line holographic microscope
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Wide field of view multifocal scanning microscopy
with sparse sampling

Jie Wang and Jigang Wu*
Shanghai Jiao Tong University, University of Michigan–Shanghai Jiao Tong University Joint Institute, Biophotonics Laboratory, 800 Dong Chuan
Road, Shanghai 200240, China

Abstract. We propose to use sparsely sampled line scanswith a sparsity-based reconstructionmethod to obtain
images in a wide field of view (WFOV) multifocal scanning microscope. In the WFOV microscope, we used a
holographically generated irregular focus grid to scan the sample in one dimension and then reconstructed the
sample image from line scans by measuring the transmission of the foci through the sample during scanning.
The line scans were randomly spaced with average spacing larger than the Nyquist sampling requirement, and
the image was recovered with sparsity-based reconstruction techniques. With this scheme, the acquisition data
can be significantly reduced and the restriction for equally spaced foci positions can be removed, indicating
simpler experimental requirement. We built a prototype system and demonstrated the effectiveness of the
reconstruction by recovering microscopic images of a U.S. Air Force target and an onion skin cell microscope
slide with 40, 60, and 80% missing data with respect to the Nyquist sampling requirement. © 2016 Society of Photo-

Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.21.2.026008]

Keywords: scanning microscopy; sparse sampling; computational imaging.
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1 Introduction
In recent years, many research efforts have focused on wide field
of view (WFOV) microscopic imaging methods with FOV
significantly larger than that can be acquired directly by tradi-
tional microscopy.1–8 The power of WFOV microscopic images
has been appreciated in the applications of digital pathology
and high-throughput screening with many commercially
available products.1,9,10 Currently, there are mainly four different
techniques that are used to acquire WFOV microscopic images.
The first technique, implemented in mainstream commercial
products,1 is to scan the sample under a traditional microscope
scheme and stitch many small FOV images into a large FOV
image. This technique requires only minimal modification
of a traditional microscope, namely, adding only a two-dimen-
sional translation stage. However, usually it can only achieve a
moderate scanning speed and needs to solve the focusing prob-
lem during scanning. The second technique is based on digital
holography and/or twin-image removal methods to acquire a
wide-field image directly by image reconstruction.2,3 This tech-
nique can be achieved with a compact and low-cost setup, and
the FOV can be as large as the imaging sensor size. However, it
is not suitable for efficient fluorescence imaging because of the
difficulty to get an efficient reference beam in the fluorescence
wavelength and also the incoherent nature of fluorescence light.
The third technique is by shifting or tilting the illumination on
the sample and reconstructing high-resolution images by acquir-
ing multiple frames of low-resolution images.4,5 The FOVof this
technique will depend on the FOV of the low-resolution image
acquired by either shadow imaging or with an imaging system
and can be as large as the imaging sensor size. The imaging
scheme for this technique is easy to implement and suitable
for on-chip applications. However, this technique is relatively

time-consuming compared with other techniques because
many frames need to be acquired and processed to get the recon-
structed image. The last technique is based on a multifocal scan-
ning microscope, where a large-area focus grid is used to scan
the sample and reconstruct the WFOV images accordingly.6–8

This technique requires a scanning mechanism in contrast to
the second and third techniques. However, it has the advantages
of translation-stage-limited FOV and is most suitable to acquire
fluorescence images8 among the four techniques, and it has a
faster scanning speed compared to the first and third techniques.

Traditionally, scanning microscopes acquire images by
Nyquist sampling with equally spaced sampling points. So
WFOV microscopic images usually contain many more pixels
compared to traditional microscopic images because of their
large FOV, and a significantly large amount of data needs to
be acquired during image acquisition. This will increase the bur-
den for hardware design and memory usage and also results in
limitations on acquisition speed. Fortunately, sparsity-based
reconstruction techniques can possibly be used to loosen these
requirements. In recent years, the sparsity-based compressive
sampling or compressive sensing (CS) technique has attracted
much research interests.11 It has been proved that sparsity-based
reconstruction from incomplete information is perfect if the sens-
ing matrix and the image sparsity meet certain requirements.12–14

The CS technique has been used in the field of optical imaging in
the way of a single-pixel microscope.15,16 And sub-Nyquist sparse
sampling with a similar sparsity-based reconstruction method was
also used to reconstruct optical coherence tomographic images
consisting of axial line scans.17,18

In our previous studies, we have implemented a WFOV mul-
tifocal scanning microscope using a regularly positioned focus
grid and one-dimensional line scans that are equally spaced

*Address all correspondence to: Jigang Wu, E-mail: jigang.wu@sjtu.edu.cn 1083-3668/2016/$25.00 © 2016 SPIE
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1SCIENTIFIC REPORTS

Reproducible Ultrahigh 
SERS Enhancement in Single 
Deterministic Hotspots Using 
Nanosphere-Plane Antennas Under 
Radially Polarized Excitation
Jing Long, Hui Yi, Hongquan Li†, Zeyu Lei & Tian Yang

Surface enhanced Raman scattering (SERS) in a nanometer size hotspot has empowered the 
investigation of chemical structures and dynamic behaviors of one and a few molecules. However, 
further advancement is hindered by lack of large enough yet reproducible enhancement in single 
deterministic hotspots. To resolve this problem, here we introduce a nanosphere-plane antenna under 
radially polarized laser excitation experiment, which provides an electromagnetic enhancement of 

 at the gap of each individual nanosphere-plane antenna and a root-mean-square error down 
 between them. The experiment also reveals a nonlinear SERS behavior with less than one 

plasmon, which is also observed within a single hotspot. The unprecedented simultaneous achievement 
of ultrahigh enhancement and reproducibility in deterministic individual hotspots is attributed to the 

laser which produces orders of magnitude higher enhancement than previous excitation methods, and 
low power operation which is critical for high reproducibility. Our method opens a path for systematic 
studies on single and few molecule SERS and their surface chemistry in an in-situ and well-controlled manner.

Surface enhanced Raman scattering (SERS) in nanoscale hotspots has been placed great hopes upon for iden-
tification of minimum chemical traces and in-situ investigation of single molecule structures and dynamics1–7. 
However, previous work consists of either high enhancement factors (EF) from random aggregates, or moderate 
EFs in deterministic devices, leaving observing the Raman spectra of single and few molecules in a reproducible 
manner a “hugely challenging task”8, as reviewed in the following. In the last decade, SERS detections of single 
small molecules in aggregates of metallic nanoparticles have been confirmed by the bi-analyte method, despite 
the extreme randomness of hotspot intensities and EFs9,10. It has been shown that the EFs vary from around 104 
to over 1010, with the 0.0003% most intense hotspots contributing 7% of the overall SERS signal11. It has also been 
pointed out that the most intense hotspots are required for detection of single small molecules with non-resonant 
Raman scattering cross sections as small as 10−29 to 10−30 cm2 sr−1 12. To resolve the extreme randomness of EFs 
so as to achieve deterministic and systematic study of molecular dynamics, well-controlled fabrication of SERS 
substrates has been investigated extensively8,13–17. For example, electron beam writing of sub-5 nm gap optical 
antennas has been demonstrated by different groups recently, which nevertheless is no longer reproducible at 
such a small length scale8,15,16. An alternative approach that is directly related to our work in this paper is the 
nanoparticle-plane junction2,5,18–24, with reported experimental SERS EFs of an individual hotspot limited to 
about 105~8, and with its reproducibility shown only after averaging tens or hundreds of hotspots. Meanwhile, 
there has been great progress in tip-enhanced Raman scattering (TERS) in recent years, with chemically mapping 
a single molecule and distinguishing adjacent molecules demonstrated at an unprecedented level6,25–29. However, 
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Plasmonic crystal cavity on single-mode optical fiber end facet for label-free
biosensing
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(Received 24 April 2016; accepted 25 May 2016; published online 7 June 2016)

Surface plasmon resonance (SPR) devices on single-mode optical fiber (SMF) end facets are

desired for label-free biosensing, due to flexible light delivery, in vivo inspection capability, and

seamless integration with fiber-optic communication techniques. We report a plasmonic crystal

cavity structure that has a steep resonance near the plasmonic bandedge, a fabrication process to

efficiently transfer and align the structure onto a bare SMF end facet, and characterization of its

sensing performance. With a sensitivity of 571 nm RIU�1, a figure of merit of 68 RIU�1 and a

real-time refractive index detection limit of 3.5� 10�6 RIU, our sensors can be readily applied in

common SPR biosensing experiments. They are over an order of magnitude more sensitive than

reported modified-end multimode fiber SPR devices, while there are no reports on previous SMF

end facet devices’ detection limits which have very low figures of merit. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4953413]

Fiber-optic label-free biosensors, which are based upon

refractive index sensing, have a number of advantages com-

pared with their free-space-optics counterparts in terms of

simple and flexible light delivery, leveraging fiber-optic

communication technologies, and compact systems. Among

them, SMF end-facet devices are the most adaptable for a va-

riety of sample configurations including microfluidics,

microtiter plates, and in vivo access, and are highly desired

for disease diagnosis and drug discovery applications.1,2

However, up to date, all high-performance SMF label-free

biosensors are based upon sensing devices on the fibers’

sidewalls, and work in a fiber-sensing area-fiber transmission

manner.2–4 In spite of the fact that the sidewall devices are

limited to have large size sensing areas, there have been an

amount of biosensing applications and optical investigations

of them in recent years.5–10 Chemically etched SMF taper

sensors have also been demonstrated in a free-space radia-

tion manner.11,12

To facilitate paper writing, the following widely adopted

definitions are used. Sensitivity (nm RIU�1)¼ resonance

wavelength shift per unit refractive index change. Figure of

merit, FOM (RIU�1)¼ Sensitivity/full-width-half-maximum

(FWHM) bandwidth of resonance spectrum. Detection limit,

DL (RIU)¼ 3� root-mean-square (RMS) noise of resonance

wavelength/Sensitivity.

In the efforts to integrate SPR devices on the planar end

facets of optical fibers, people have made periodic metallic

nanostructures to couple the fiber guided lightwaves to sur-

face plasmons, such as nanohole arrays, nanoparticle arrays,

and gratings.2,13–21 However, all the reported devices on

SMF end facets are limited by very broad and shallow reso-

nance spectra to date.

Consequently, they are mainly employed for surface

enhanced Raman spectroscopy, and the development of such

devices for label-free biosensing is slowed down. The broad

and shallow SPR spectra result from the numerical aperture

(NA) of fibers and the periodic coupling structures used.

When a fiber guided mode illuminates the end-facet device,

by spatial Fourier transform, it is equivalent to a superposi-

tion of planewaves with different angles of incidence within

the NA. According to the phase match principle, the coupled

SPR’s resonance wavelength shifts with the incidence angle

of planewave. Consequently all the SMF end facet SPR devi-

ces in the literature show resonance quality factors (Q) less

than 10, and FOM not beyond 3 RIU�1.16,17,20 No DL char-

acterization for these devices is reported. Even with multi-

mode fibers, the reported FOM’s are limited to around 10–20

RIU�1.13,19,22,23

In this paper, we have designed and fabricated a plas-

monic crystal cavity on the SMF end facet. By placing SPR

near the plasmonic bandedge of a metallic nanoslit array,

which results from the second order spatial Fourier compo-

nent of the nanoslit array, we have achieved an experimental

Q of 101 and a FOM of 68 RIU�1. We have also obtained an

experimental DL of 3.5� 10�6 RIU at 1 s integration time,

which is nearly as good as planewave coupled SPR.24 We

also describe a stripping process to transfer and align gold

nanostructures onto fiber end facets.

In the following, we first describe device design and

simulation, and then the fabrication and sensing experiments.

An optical micrograph and a scanning electron micrograph

(SEM) of a plasmonic crystal cavity on the end facet of a

bare SMF are shown in Fig. 1. It consists of two square

arrays of periodic nanoslits in a thin gold film. The nanoslits

are 50 nm wide. The gold film is 55 nm thick. In the center is

an about 11� 11 lm2 array with a period, K1, of 645 nm. In

the surrounding is an about 100� 100 lm2 array with a

period, K2, of 315 nm. The geometry parameters are chosen

such that when the device is immersed in water, the cavity

SPR is around 850 nm which is a standard workinga)Email: tianyang@sjtu.edu.cn
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Gap plasmon resonator arrays for unidirectional launching and shaping of
surface plasmon polaritons
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We report the design and experimental realization of a type of miniaturized device for efficient

unidirectional launching and shaping of surface plasmon polaritons (SPPs). Each device consists of

an array of evenly spaced gap plasmon resonators with varying dimensions. Particle swarm

optimization is used to achieve a theoretical two-dimensional launching efficiency of about 51%,

under the normal illumination of a 5-lm waist Gaussian beam at 780 nm. By modifying the wave-

front of the SPPs, unidirectional SPPs with focused, Bessel, and Airy profiles are launched and

imaged with leakage radiation microscopy. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4947431]

Surface plasmon polaritons (SPPs) have been employed

as an important method for confining light at subwavelength

dimensions.1–3 One critical issue in the development of plas-

monic devices is the efficient and unidirectional launching of

SPPs, which cannot directly couple from free-space propagat-

ing lightwaves due to momentum mismatch. Most SPP

launching experiments require planewave illumination and

relatively large coupling structures, which include prism cou-

pling and grating coupling,4 the latter of which includes both

periodic5 and aperiodic gratings.6 Meanwhile, unidirectional

SPP launching can also be obtained but rather inefficiently

based upon the interference between two sub-wavelength

asymmetric scatters, such as slits and gap plasmon resonators

(GPR).7–10 Recently, a few highly efficient and miniaturized

unidirectional SPP launching device designs have been

reported, which couple SPPs with focused light beams. For

example, an efficient unidirectional launcher based on aperi-

odic grooves with varying depths was experimentally demon-

strated by Baron et al.11 Phase gradient metasurfaces have

been used for SPP launching in microwave and infrared

regimes with high efficiencies.12–14 Besides unidirectional

coupling, beam shaping of SPPs is also an important issue. In

recent years, SPPs with focused,8,15,16 Bessel,17 and Airy18,19

profiles have been experimentally demonstrated. However, all

of the SPP beam shaping demonstrations have employed peri-

odic grating coupling, with bi-directional radiation.

In this paper, we report the design and experimental

realization of a different type of miniaturized device for an

efficient unidirectional launching and shaping of SPPs. Each

device consists of an aperiodic array of evenly spaced GPRs

of varying dimensions.14,20 At the free-space wavelength

780 nm and under the normal illumination of a focused 5-lm
waist Gaussian beam, the theoretical two-dimensional cou-

pling efficiency of our device is about 51% and the extinc-

tion ratio between the power of SPPs propagating to opposite

directions is about 25:1. Further, by modifying SPPs’

wavefront based on the same aperiodic array of GPRs, uni-

directional SPPs with focused, Bessel, and Airy profiles are

launched and imaged by leakage radiation microscopy

(LRM). Unidirectional SPP beam shaping under free-space

illumination could be possibly achieved by modifying the

previous device designs as well, in spite of the fact it was not

done before.

The two-dimensional geometry of our devices is illus-

trated in Fig. 1(a). The top layer is an array of gold strips

with varying widths and a uniform thickness of 30 nm. The

middle layer is a continuous silicon dioxide spacer with a

thickness of 30 nm. The bottom layer is an optically thick

gold film. Each gold strip above the gold film comprises a

GPR, whose resonant reflection phase can continuously

change from 0 to 2p by varying its width.14,20 The collective

scattering of an array of GPRs couples free-space focused

illumination to SPPs propagating in the region with no

GPRs. The illumination is a transverse magnetic (TM) polar-

ized, i.e., x-polarized, Gaussian beam with a 5-lm waist.

The beam is at normal incidence onto, and with its focal

plane on the gold strips. We use the finite-difference time-

domain (FDTD) method (Lumerical FDTD Solutions) to cal-

culate the unidirectional launching performance of the two-

dimensional structure. The permittivity of gold at 780 nm

was set to �22.61þ 1.40i following Ref. 21, and that of sili-

con dioxide set to 2.11. A grid size of more than 100 points

per wavelength (PPW) was used in the gaps and the nearby

regions, which gradually decreased to about 22 PPW in the

regions away from the GPRs. The simulation results were

confirmed with a convergence test.

Particle swarm optimization (PSO) is an effective

method to optimize more than three parameters simultane-

ously22 and has been used in our FDTD calculation to opti-

mize our two-dimensional structure for maximum launching

efficiency of SPPs along the þx direction. The variable pa-

rameters include the width of each strip, the spacing p
between the nearest GPRs, and the position of the Gaussian

beam relative to the coupling structure. The initial conditions

and ranges of the variable parameters were set as follows.

a)Author to whom correspondence should be addressed. Electronic mail:

tianyang@sjtu.edu.cn.
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a b s t r a c t

Traditional extended state observer (ESO) design method does not focus on analysis of system recon-
struction strategy. The prior information of the controlled system cannot be used for ESO implementa-
tion to improve the control accuracy. In this paper, composite disturbance rejection control strategy is
proposed based on generalized ESO. First, the disturbance rejection performance of traditional ESO is
analyzed to show the essence of the reconstruction strategy. Then, the system is reconstructed based on
the equivalent disturbance model. The generalized ESO is proposed based on the reconstructed model,
while convergence of the proposed ESO is analyzed along with the outer loop feedback controller.
Simulation results on a second order mechanical system show that the proposed generalized ESO can
deal with the external disturbance with known model successfully. Experiment of attitude tracking task
on an aircraft is also carried out to show the effectiveness of the proposed method.

& 2016 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

System uncertainties, such as parameters perturbation, unmo-
deled dynamics, external disturbances, and sensor noise, will have
great influence on the performance of a control system, even cause
instability. It is not an easy work to design a controller which
guarantees both disturbance rejection and tracking performance
simultaneously with complicated uncertainties. Thus, composite
disturbance rejection methodology with both outer loop controller
and inner loop observer has been widely concerned [1]. For the
composite disturbance rejection control system, the control
accuracy is largely determined by the estimation accuracy of inner
loop observer. There have been several observer design approa-
ches investigated so far, such as disturbance observer [2], extended
state observer (ESO) [3], unknown input observer [4], perturbation
observer [5], equivalent input observer [6], sliding mode observer
[7], and fuzzy observer [8–10]. Among these works, ESO needs the
least prior information, even if the relative order of the plant is
unknown [11]. On the other hand, comparing with the output
observers, ESO can estimate not only the equivalent disturbance,
but also the internal system states. Thus, state feedback controller
can be designed for ESO based control system. According to these
advantages, ESO based control, also known as active disturbance
rejection control (ADRC), has been widely explored in recent years.

It is reported that ESO has been employed in many successful
applications, such as uncalibrated visual servoing [12], flight con-
trol [13], vibration control [14], power electronics [15], motor
control [16]. In addition, various theoretical analyses have been
explored based on ESO, such as Lyapunov stability analysis [17],
parameter tuning strategy [18], and generalized ESO design for
system of mismatched uncertainties [19].

As for the ESO based control structure, observation performance
will largely determine the control performance of closed-loop sys-
tem. Thus, various results on convergence analysis have appeared.
For some researches, it is assumed that the change rate of uncer-
tainty is bounded [13,15,19,20]. Then the estimation error of the
ESO remains bounded, and its upper bound decreases mono-
tonously when increasing the bandwidth of the observer. By
introducing assumption on the system uncertainty, Lyapunov sta-
bility analysis of both nonlinear ESO is proposed in [17]. However,
the above analysis is only proposed for traditional ESO design.

Despite the theoretical tools for convergence analysis, the
specific disturbance rejection performance is rarely investigated,
especially for different kinds of time-varying disturbances. It can
be obtained in [21] that typical ESO offers asymptotic convergence
of estimation for constant disturbance. However, time-varying
disturbance, which is widely existing in practice, cannot be esti-
mated by traditional ESO thoroughly [21]. Thus, it is important to
explore the observer design methodology against time-varying
disturbance for better disturbance rejection performance.
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1. INTRODUCTION

Traffic congestion in modern cities is still a major problem for
human society, due to the limited transportation infrastructures
available, the high demand for travelling, and the unpredictable
activities of travelers. It leads to a lot of social and economic
problems, such as environment pollution, traffic accident and
increased cost of living. Therefore, many methodologies have
been developed for congestion governance. From a long-term
perspective, network-wide traffic signal control is an efficient
way to mitigate traffic jams and to improve the mobility of the
whole network by regulating traffic behaviors.

The scale of real road networks in big cities are usually large,
and the dynamics of traffic flow are too complex. With respect
to control of such large-scale, complex, dynamic systems with
multiple-inputs and multiple-outputs, it is a big challenge to
develop an effective and feasible strategy to address traffic
congestion and propagation. Fortunately, parallel control the-
ory (PCT) proposed by Wang (2010), which is composed of
Artificial Societies (A), Computational Experiments (C), and
Parallel Execution (P), or named as ACP method, provides
a more tractable way to solve the aforementioned problems.

� This work is supported in part by the National Science Foundation of China

(Grant No. 61433002, 61521063, 61374110, 61473288), the Beijing Natural

Science Foundation (Grant No. 4142055), NSFC International Cooperation

Project (Grant No. 71361130012).

In this framework, an artificial traffic system is built in terms
of real road network, while computational experiments can
be carried out within the system. A real traffic network run-
s in parallel with its artificial network, and implements the
optimal control policies received from the artificial network
through real-time communication. This framework paves the
way for designing appropriate control strategies and meeting
the multiple-objective requirements in urban traffic control at
different levels, such as traffic demand level, subnetwork coor-
dination level and intersection control level.

More recently, the concept of MFD is widely used for control
of large-scale urban traffic networks from an aggregated point
of view. Its existence was observed and verified by Geroliminis
and Daganzo (2008) based on experimental data. An MFD links
the number of vehicles (or densities) and the space-mean traffic
flow in the network. If an urban traffic network is considered as
a whole, the MFD can describe the macroscopic characteristics
of the network. On the one hand, these findings make it easier to
model the dynamics of traffic flow at the network level; on the
other hand, researchers can design real-time control strategies
based on the MFD to mitigate congestion and improve mobility
in large-scale urban traffic networks. Geroliminis et al. (2013)
proposed optimal perimeter control for a two-region urban city
based on the MFD by regulating the exchanged traffic flows on
the perimeter borders between the two regions. Perimeter and
boundary control for multiple regions in heterogeneous urban
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Abstract: This paper concerns the integration of demand balance control and traffic flow coordination
control in a hierarchical framework for complex urban traffic networks. At the first level, a complex
traffic network is first partitioned into several subnetworks. The traffic dynamics in each subnetwork
is modeled by utilizing the concept of Macroscopic Fundamental Diagram (MFD), which relates the
network-wide space-mean flow and the number of vehicles at the aggregated level. This model aims at
designing a demand balance model predictive controller (MPC), which can improve the internal flow
inside the subnetwork by regulating the input flows from outside. At the second level, based on a more
detailed traffic flow model, the signal timings of all intersections for each subnetwork are determined by a
flow coordination MPC controller, which aims at distributing the number of vehicles in each subnetwork
as homogeneously as possible. The effectiveness of the proposed approach is investigated via simulation
under different scenarios on a hypothetical urban traffic network, and the performance is compared with
other control strategies.
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Abstract
Adiabatic quantum computing and optimization have garnered much attention
recently as possible models for achieving a quantum advantage over classical
approaches to optimization and other special purpose computations. Both
techniques are probabilistic in nature and the minimum gap between the
ground state and first excited state of the system during evolution is a major
factor in determining the success probability. In this work we investigate a
strategy for increasing the minimum gap and success probability by introdu-
cing intermediate Hamiltonians that modify the evolution path between initial
and final Hamiltonians. We focus on an optimization problem relevant to
recent hardware implementations and present numerical evidence for the
existence of a purely local intermediate Hamiltonian that achieve the optimum
performance in terms of pushing the minimum gap to one of the end points of
the evolution. As a part of this study we develop a convex optimization
formulation of the search for optimal adiabatic schedules that makes this
computation more tractable, and which may be of independent interest. We
further study the effectiveness of random intermediate Hamiltonians on the
minimum gap and success probability, and empirically find that random
Hamiltonians have a significant probability of increasing the success prob-
ability, but only by a modest amount.

Keywords: quantum annealing, adiabatic quantum computing, convex
optimization
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a b s t r a c t

Acrylamide hydrogel made from poly-acryloyl-6-amino caproic acid (PAACA) was reinforced with func-
tional carbon nanotubes which strengthen composite four times more compare to PAACA, pure hydrogel.
Oscillatory rheological experiments improved the special strength and reversible behavior of composite.
Structure features and internal cross linking density of the composite were observed by allowing swelling
and deswelling of composite in different pH solutions. The crack damaged composite was first self-healed
autonomically with in a period of less than 3 min to a same strength observed by mechanical tensile
testing. Later pH solution was introduced into crack damaged zone which re-healed the crack in a period
of 1 min and strengthen the composite 15% (an average) more than that which re-healed without pH
solution. This enhanced reinforcement performance and healing of composite hydrogel with pH solution
refers to strong hydrogen bonding of the terminal groups across the interface and hydrophobic,
hydrophilic interactions.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Autonomous self-healing is one of the most outstanding proper-
ties of biological organisms such as skin, organs and tissues [1].
Hydrogels are very similar to biological tissues, and therefore have
been applied to drug delivery, tissue scaffold, artificial muscle, or
soft actuators, but they normally lack the ability to self-heal upon
damage [2]. Endowing the capability of autonomous healing of cut,
rupture or scratch damaged hydrogel material is an attractive
route to prolong the service life of hydrogel devices [3]. Inspired
by natural healing processes, diverse reversible non-covalent
bonds have been employed to prepare self-healing hydrogels,
including hydrogen-bonding [4–6], host-guest interaction [7,8],
metal coordination [9,10], dynamic chemical bonds [11],
hydrophobic associations [12], and p-p stacking [13]. Since the
non-covalent interactions are generally more sensitive to external
environment therefore self-healing hydrogel systems based on
non-covalent interactions usually exhibit extraordinary healing
and multi-responsive characteristics. As self-healing ability is
antagonist to mechanical strength of hydrogel. Therefore, self-
healing hydrogels so far suffer from mechanical weakness, which

limits their application for any load-bearing devices such as
actuators, tissue engineering scaffold and artificial cartilages.
Consequently, it is significant to develop effective strategies to
design and prepare powerful hydrogels with extraordinary
mechanical strength and rapid self-healing behavior.

For most designs, external energy is required to achieve healing,
especially for polymer materials with high mechanical strength
[14,15]. Upon heating, non-covalent supramolecular linkages can
reversibly rupture and reform to provide self-healing performance
for tough hydrogels. Gulyuz and Okay proposed a method to pre-
pare self-healing hydrogels with improved mechanical properties
having surfactant alkyl chains trapped electrostatically in a
supramolecular polymer network formed via hydrophobic interac-
tions. Tensile strength and stretch at break after repairing can
reach 1.5 MPa and 600% respectively with induced self-healing at
a temperature of 80 �C for 30–60 min [16]. Dai et al. synthesized
a glycinamide-conjugated monomer with dual-amide in one side
group to recapitulate and amplify the hydrogen-bonding interac-
tions in the hydrogel and build the mechanical enhancement
mechanism. The hydrogel exhibited excellent mechanical proper-
ties that can reach 1 MPa, and elongation at break can be over
1400% with re-healing ability at 90 �C for 3 h [17]. These mechan-
ical performances are the highest reported so far for self-healing
hydrogels in presence of external stimuli.

http://dx.doi.org/10.1016/j.compositesa.2016.07.014
1359-835X/� 2016 Elsevier Ltd. All rights reserved.
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ABSTRACT: We demonstrated a polymeric thin film
fabrication process in which molecular-scale crystallization
proceeds with additive film growth, by employing an
innovative vapor-assisted deposition process termed matrix-
assisted pulsed laser evaporation (MAPLE). In comparison to
solution-casting commonly adopted for the deposition of
polymer thin films, this physical vapor deposition (PVD)
methodology can prolong the time scale of film formation and
allow for the manipulation of temperature during deposition.
For the deposition of molecular and atomic systems, such a
PVD manner has been demonstrated to facilitate molecular
ordering and delicately manipulate crystalline morphology
during film growth. Here, using MAPLE, we deposited thin
films of a model polymer, poly(ethylene oxide) (PEO), atop a temperature-controlled substrate with an average growth rate of
less than 10 nm/h. The mechanism of deposition is sequential addition of nanoscale liquid droplets. We discovered that the
deposition process leads to the formation of two-dimensional (2D) PEO crystals, composed of monolamellar crystals laterally
grown from larger nucleus droplets. The 2D crystalline coverage and crystal thickness of the films can be manipulated with two
processing parameters, deposition time, and temperature.

■ INTRODUCTION

Semicrystalline polymer thin films have been extensively
investigated as an enabling material for many technologies,
including advanced barrier coatings,1 pressure/imaging sen-
sors,2,3 electronic memories,4,5 and energy devices.6,7 In all
applications, control of the crystalline morphology is of
paramount importance due to the observed correlations
between structure and performance.1,4,6,7 Typically, polymer
thin films are prepared by casting from solution. However,
while deposition is facile and economically appealing, the short
processing time combined with rapid vitrification limits
morphological development of the crystalline domains in
polymer thin films.7−9 To circumvent this issue, efforts to
control and improve crystalline morphology in polymer thin
films, e.g., active layers in organic electronics, have aimed to
prolong the time scale of vitrification or enhance molecular
mobility during or subsequent to film deposition.8−12 The
success of these strategies suggests that it would be beneficial to
have a processing route in which slow film growth and
crystallization can occur simultaneously.
Recently, there has been a considerable effort to exploit the

unique advantages of matrix assisted pulsed laser evaporation
(MAPLE) for the growth of polymer thin films.13−16 In the
MAPLE process, a pulsed laser ablates a target consisting of a
frozen dilute solution of the desired polymer. The frozen matrix

solution serves as a sacrificial matrix to transport the polymer
into the gas phase. Contrary to direct laser ablation, MAPLE
provides a gentle and nondestructive means for polymer film
deposition.14 Control of various process parameters has been
shown to tune film morphology. For instance, MAPLE has
been shown to control preferential crystal orientation and the
extent of crystallinity in thin polymer films by adjusting the
matrix formulation17 and substrate temperature,18 respectively.
Conceptually, the film growth in MAPLE proceeds by the

additive deposition of nanometer-sized droplets comprising the
target polymer.20,21 With tunable laser pulse rates and target
polymer concentration, the average film growth rates
throughout the substrate can be controlled to <1 nm/s, thus
enabling the slow growth of polymer films in a manner recently
advocated for organic electronics.19 There are some exper-
imental and simulation reports that investigated the nature of
ablation process in MAPLE22,23 and the size distribution of
polymer droplets as a function of process parameters.21,24 How
the mechanism of MAPLE, i.e., the deposition of nanoscale
polymer droplets, influences the morphology of semicrystalline
polymer films has not been investigated. We note that this
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Abstract

In this paper, a scalable and fast process is developed and employed for the fabrication of the perovskite
light harvesting layer in inverted planar heterojunction solar cell (FTO/PEDOT:PSS/CH3NH3PbI3−xClx/PCBM/Al).
Perovskite precursor solutions are sprayed onto an ultrasonically vibrating substrate in two sequential steps via
a process herein termed as the two-step sequential substrate vibration-assisted spray coating (2S-SVASC). The
gentle imposed ultrasonic vibration on the substrate promotes droplet spreading and coalescence, surface
wetting, evaporation, mixing of reagents, and uniform growth of perovskite nanocrystals. The role of the
substrate temperature, substrate vibration intensity, and the time interval between the two sequential sprays are
studied on the roughness, coverage, and crystalline structure of perovskite thin films. We demonstrate that a
combination of a long time interval between spraying of precursor solutions (15 min), a high substrate
temperature (120 °C), and a mild substrate vibration power (5 W) results in a favorable morphology and surface
quality. The characteristics and performance of prepared perovskite thin films made via the 2S-SVASC technique
are compared with those of the co-sprayed perovskite thin films. The maximum power conversion efficiency of
5.08 % on a 0.3-cm2 active area is obtained for the device made via the scalable 2S-SVASC technique.

Keywords: Planar perovskite solar cells, Thin films, Spray coating, Ultrasonic substrate vibration, Substrate
vibration-assisted spray coating (SVASC)

Background
Lead halide methylammonium perovskite is an emer-
ging and promising light-harvesting material developed
for the fabrication of emerging photovoltaic solar cells
(SCs). The power conversion efficiency (PCE) of per-
ovskite solar cells made using lab-scale deposition
methods has increased rapidly in a few years exceeding
an impressive PCE of 20 % [1–6]. This is due to the ex-
cellent optoelectronic properties of perovskites, such as
appropriate direct bandgap, high absorption coefficient
(low required film thickness), the ability for photon
absorption in a wide range of the spectrum, ambi-
polarity, efficient carrier transportation, and delivering
high open circuit voltage [5]. An outstanding capability

of perovskites is the dual function of light harvesting
and hole-electron conducting with a low exciton bind-
ing energy. It was systematically proved that the Fermi
level of perovskite lies near the conduction band
edge, indicating that the perovskite is inherently a
weak n-type semiconductor which may show p-type
behavior [7, 8]. Because of the aforementioned fea-
tures of perovskites, the perovskite solar cell can out-
perform the polymeric and dye-synthesized solar cells
[1–9]. However, issues such as the lifetime, stability,
and compatibility with the large-scale and roll-to-roll
fabrication processes are yet to be addressed. It is
also noted that even in the lab-scale, it is hard to
control the reaction between the perovskite reagents,
and crystallization mechanism and the morphological
characteristics of the perovskite layer [10]. Below is a* Correspondence: morteza.eslamian@gmail.com
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ABSTRACT: Inverted p-i-n perovskite solar cells (PVSCs) using
PEDOT:PSS as the hole-transporting layer (HTL) is one of the most
widely adopted device structures thus far due to its facile processability and
good compatibility for high throughput manufacturing processes. However,
most of the PEDOT:PSS-based CH3NH3PbI3 PVSCs reported to date
suffered an inferior open-circuit voltage (VOC) (0.88−0.95 V) compared to
that (1.05−1.12 V) obtained for common CH3NH3PbI3 PVSCs, revealing a
severe potential loss issue. Herein, we describe a simple method to alleviate
this problem by tuning the pH value of PEDOT:PSS with a mild base,
imidazole. Accompanied by the pH modulation, the blended imidazole
concurrently tailors the surface texture and electronic properties of
PEDOT:PSS to promote the quality and crystallization of the perovskite
film deposited on top of it and enable better energy-level alignment at this
corresponding interface. Consequently, the PVSC using this modified PEDOT:PSS HTL yields an enhanced power conversion
efficiency (PCE) of 15.7% with an enlarged VOC of 1.06 V and improved long-term stability. These outperform the pristine
device showing a PCE of 12.7% with a much smaller VOC of 0.88 V and unsatisfactory environmental stability.

KEYWORDS: PEDOT:PSS, pH, potential loss, environmental stability, perovskite solar cells

1. INTRODUCTION

With the astonishing progress made in photovoltaic perform-
ance, organic−inorganic hybrid perovskite based solar cells
(PVSCs) have been considered as a viable candidate for next
generation photovoltaics.1 As identified in the literature, the
hybrid perovskites possess exceptional semiconducting proper-
ties inherent to inorganic materials, such as intense light
harvesting capability,2 small exciton binding energy (∼kT),3

long carrier diffusion length (100−1000 nm),4 and high charge
carrier mobility5 while holding the simple solution process-
ability at a mild temperature (∼120 °C) inherent to organic
materials.6

In principle, the corresponding bandgap (Eg) of the
photoactive material determines the upper limit of the
achievable open-circuit voltage (VOC). According to the
Shockley−Queisser theory,7 there exists intrinsically thermody-
namic constraints for materials to result in a minimum potential
loss of 250−300 mV, making the achievable VOC always lower
than the Eg of the photoactive absorber. However, the
nonradiative charge recombination within the photoactive
materials and associated interfacial barrier in the stratified
devices8−10 also contribute additional potential losses to the
device, further reducing the resultant VOC. Therefore, it is
critical to pursue material systems with minimal potential loss
for developing high-performance solar cell devices. Encourag-
ingly, PVSC has been shown to have the potential of achieving
low potential loss (<0.5 V)5 and to be processed by a cost-

effective solution route, highlighting its great merit for future
commercialization.
Thus far, the PVSCs are mainly fabricated in two types of

device configurations, conventional and inverted architectures.
The conventional n-i-p PVSC is originally evolved from dye-
sensitized solar cells while the inverted p-i-n PVSC resembles
the regular structure of organic photovoltaics (OPVs).8 In most
cases, planar p-i-n PVSC employs low-temperature, solution-
processed charge-transporting interlayers (CTLs), such as
PEDOT:PSS as the hole-transporting layer (HTL) and
PCBM as the electron-transporting layer (ETL).11,12 PE-
DOT:PSS is a benchmark organic HTL for optoelectronic
devices13 since it possesses low-temperature solution process-
ability, easy accessibility, good visible transparency, decent
conductivity, and good flexibility.14 However, most of the
inverted CH3NH3PbI3 (MAPbI3) PVSCs using PEDOT:PSS as
the HTL suffer an inferior VOC (0.88−0.95 V) compared to
that (1.05−1.12 V) of commonly reported conventional
PVSCs,15−20 revealing a large potential loss of more than 0.1
V. The exact reason behind this is generally believed to result
from the mismatched energy level alignment between the work
function (WF) of PEDOT:PSS (4.9−5.2 eV, depending on the
ratio of PEDOT to PSS21) and the valence band maximum
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A B  S T R A C  T

The  composite thin film  of  graphene  and PEDOT:PSS  (poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate)  is  a  promising candidate  of  hole  transport  layer and transparent  conductive  electrode
materials  for low-cost  thin film  devices.  We  use  novel,  fast, controllable and scalable  ultrasonic  substrate
vibration-assisted spray  coating (SVASC) method to fabricate  high-performance  graphene-PEDOT:PSS
composite thin films.  Graphene  sheets  are  uniformly  dispersed in aqueous  PEDOT:PSS  solution using
sodium  dodecyl  sulfonate  as  surfactant.  The  fabricated graphene-PEDOT:PSS  composite thin films  exhibit
excellent  electrical  and optical  properties. The  electrical  conductivity  of  composite PEDOT:PSS  thin films
reaches  720 S/cm, which is  increased about  10 times  when 0.02  wt%  of  graphene  is  incorporated in the
precursor solution.  This  remarkable  enhancement  is  ascribed to the  higher carrier mobility  and carrier
concentration, because  graphene  sheets  bridge  between the  PEDOT:PSS  rings  via  the  strong p-p
interaction acting as  high-mobility  channel. Also, the  p-p interaction causes  a  reduction in the  defect
sites  in PEDOT:PSS.  Moreover, a  mild drying temperature  of  80 	C  is  favored, leading to better structural
arrangement  of  graphene  bridging between the  polymer segments,  and higher electrical  conductivity.
This  work simplifies  the  solution-processing of  graphene  and uses  a  scalable  casting technique,  which
paves  the  way  for the  commercialization of  low-cost  flexible electronic  devices.

ã 2016  Elsevier B.V.  All  rights reserved.

1. Introduction

Graphene,  two-dimensional structured single-layered graphite,
is  composed of  sp2  hybrid carbon atoms  forming hexagonal
structure.  Because  of  its  high conductivity,  transparency, flexible
and excellent  stability, graphene  is  considered as  a  viable  candidate
to  be  used as  a  hole  transporting material  and transparent
conductive  electrode  suitable  for a  wide  range  of  thin film  devices,
such as  photovoltaic  devices,  light  emitting diodes,  photodetec-
tors, touchscreens  and ultrafast  lasers  [1–3].  Currently, the
preparation of  graphene  thin films  in devices  is  usually  relying
on chemical  vapor deposition (CVD),  assisted by  metal  catalysts
[4,5], which needs  vacuum  and high process  temperatures,  and
additional  step of  transferring the  graphene  to the  device  substrate
[6].  Such processes  are  not  suitable  for large-scale  fabrication.
Therefore,  the  development  of  simple,  low-cost  solution processed
methods  for high performance  graphene  films  [7,8]  without  high-

temperature,  vacuum  equipment  or the  graphene  transfer process,
is  the  prerequisite  for the  wide-spread and practical  application of
graphene  in devices.

Conducting polymer poly(3,4-ethylenedioxythiophene)  poly-
styrene  sulfonate  (PEDOT:PSS) is  another transparent  conducting
material  with existing applications  in thin film  devices  [9,10].
Blending graphene  with the  solution PEDOT:PSS  is  an effective
solution-processable  approach,  taking advantage  of  characteristics
of  each material.  In this  way, the  electrical  and mechanical
properties  of  PEDOT:PSS  can be  improved by  graphene  doping,  and
graphene  sheets  can be  bound together using PEDOT:PSS, which
works  as  an adhesive  agent.  Because  of  their p-p stacking
interactions  [11], the  conjugated aromatic  chains  of  PEDOT:PSS  can
be  stably  fixed on graphene  sheets  without  destroying the
electronic  structure  of  graphene.  The  microstructure  of  this
polymer consists  of  PEDOT-rich cores  packed by  shells  of  PSS-
chains  [12].  Graphene  and graphene  oxide  have  been used to
increase  the  conductivity  and hole  transport  properties  for PEDOT:
PSS.  Chang et  al.  reported that  spin-coating the  mixing solution of
surfactant-functionalized graphene  and PEDOT:PSS  results  in a  2-
fold decrease  in sheet  resistance  [13].  Spin coating is  a  successful
batch process  suitable  only for lab-scale  solution processing of  thin
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a b s t r a c t

In this work, in an attempt to improve the performance and lifetime of organic solar cells,
P3HT photon absorbing polymer was doped with graphene (G) nano-sheets, to make light
harvesting G-P3HT composite thin film. The composite this film was then employed as the
donor of a bilayer organic solar cell with the structure of glass/ITO/PEDOT:PSS/G-P3HT/
C60/Al. The reference P3HT:PCBM bulk heterojunction solar cell was also fabricated for
comparison. All solution-processed layers were made by spin coating in humid air
(Shanghai, China); C60 and Al were deposited by thermal evaporation. An effective me-
chanical treatment approach developed by the authors, i.e. the application of forced ul-
trasonic vibration on the wet spun-on films, was used to improve the dispersion of
graphene in G-P3HT composite films to obtain a uniform nanostructure. This mechanical
method eliminates tedious and expensive chemical steps, currently performed to engineer
the structure of organic solar cells. It is evidenced that the G-P3HT composite thin films,
post treated by ultrasonic vibration at the optimum vibration duration, possess superior
electrical conductivity, charge carrier mobility and density, uniform surface potential
distribution, and lower surface roughness, compared to those of P3HT and G-P3HT thin
films made without vibration. The results show significant improvement in the power
conversion efficiency (PCE) of vibration-treated G-P3HT/C60 cell (PCE ¼ 5.17%, the highest
reported for this structure), substantiating the strong positive effect of using graphene and
forced vibration for the fabrication of P3HT active layer in the bilayer cell structure.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The most desired way of utilizing the abundant solar energy is through the photovoltaic effect, i.e., direct generation of
electrical energy in an optoelectronic semiconductor under illumination. While inorganic semiconductors provide a robust
platform for this purpose, the organic (usually polymeric) [1], and hybrid organic-inorganic [2] semiconductors have opened
new windows of opportunity for the fabrication of solar cells, using low-cost processes. In spite of their earlier rapid growth,
three major issues have hindered further development and commercialization of polymer solar cells, including the power
conversion efficiency (PCE) lower than values that would warrant success of this technology in competition with crystalline
silicon and thin film organic solar cells, device instability and degradation of the organic layers, and the lack of reliable
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Abstract. Organic solar cells are usually nonreproducible due to the presence of defects in the
structure of their constituting thin films. To minimize the density of pinholes and defects in
PEDOT:PSS, which is the hole transporting layer of a standard polymer solar cell, i.e., glass/
ITO/PEDOT:PSS/P3HT:PCBM/Al, and to reduce scattering in device performance, wet spun-on
PEDOT:PSS films are subjected to imposed ultrasonic substrate vibration posttreatment (SVPT).
The imposed vibration improves the mixing and homogeneity of the wet spun-on films, and
consequently the nanostructure of the ensuing thin solid films. For instance, our results show
that by using the SVPT, which is a mechanical, single-step and low-cost process, the average
power conversion efficiency of 14 identical cells increases by 25% and the standard deviation
decreases by 22% indicating that the device photovoltaic performance becomes more
consistent and significantly improved. This eliminates several tedious and expensive chemical
and thermal treatments currently performed to improve the cell reproducibility. © The Authors.
Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or repro-
duction of this work in whole or in part requires full attribution of the original publication, including its
DOI. [DOI: 10.1117/1.JPE.6.045502]

Keywords: organic solar cells; polymer solar cells; poly(3,4-ethylenedioxythiophene) polysty-
rene sulfonate; imposed ultrasonic substrate vibration; reproducible solar cells.
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1 Introduction

Owing to their potential in low-cost fabrication, solution-processed solar cells, represented by
polymer solar cells, are promising alternatives to the widely commercially used crystalline sil-
icon-based and inorganic thin film solar cells.1,2 Polymer solar cells conceptually work based on
electron/hole generation in a donor/acceptor (D/A) system when exposed to sunlight (the photo-
voltaic effect),3 in which excitons generated in donor by absorbing photons diffuse to the D/A
interface and therein dissociate into electrons and holes. Electrons and holes are then guided
toward the opposite electrodes using buffer layers. Because of the short diffusion length of exci-
tons, which is on the order of 10 nm,4,5 modern polymer solar cells use the concept of bulk
heterojunction,6,7 in which donor and acceptor materials are mixed together, interpenetrating at
the nanometer scale, and forming a thin film active layer. Blend of poly(3-hexylthiophene)
(P3HT) and phenyl-C61-butyric acid methyl ester (PCBM) as a standard heterojunction
D/A system has attracted intense attention, mainly in the conventional cell architecture, i.e.,
glass/ITO/PEDOT:PSS/P3HT:PCBM/Al, where indium-doped thin oxide (ITO) and Al serve
as the anode and cathode, respectively. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) is a conducting polymer mixture of two ionomers, which has the role of hole
extraction from the active layer and blocks electron transfer.

Achieving proper nanostructure for the mixture of P3HT:PCBM and similar polymer systems
is essential for effective charge generation, dissociation, and transfer. Thermal annealing
has been widely applied to solar cells with a D/A system of P3HT:PCBM to arrange the nano-
structure properly and to improve the photovoltaic performance.3,8–10 The enhancement in
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Abstract

In this paper, two-step sequential spin-dip and spin-spin coating, as well as one-step spin coating, methods are used
to fabricate methylammonium lead mixed-halide perovskites to study the effect of process parameters, including the
choice of the solvent, annealing temperature, spin velocity, and dipping time on the characteristics of the perovskite
film. Our results show that using a mixture of DMF and DMSO, with volume ratio of 1:1, as the organic solvents for
PbCl2 results in the best mixed-halide perovskite because of the effective coordination between DMSO and PbCl2.
Surface dewetting due to two effects, i.e., crystallization and thin liquid film instability, is observed and discussed,
where an intermediate spin velocity of about 4000 rpm is found suitable to suppress dewetting. The perovskite
film fabricated using the one-step method followed by anti-solvent treatment shows the best perovskite
conversion in XRD patterns, and the planar device fabricated using the same method exhibited the highest
efficiency among the employed methods. The perovskite layer made by sequential spin-dip coating is found
thicker with higher absorbance, but the device shows a lower efficiency because of the challenges associated
with perovskite conversion in the sequential method. The one-step deposition method is found easier to control
and more promising than the sequential deposition methods.

Keywords: Photovoltaics, Mixed-halide perovskite, Sequential deposition, Crystallization dewetting, One-step
deposition

Background
Lead halide perovskite solar cells have drawn enormous
attention due to their rapid rise in device power conver-
sion efficiency (PCE), only within a few years, now hit-
ting a record PCE of 22 % achieved by Seok’s group
(KRICT/UNIST, South Korea), although the device was
not stabilized [1]. The perovskite crystal structure has
the chemical formula of ABX3, where in the perovskite
molecule used in solar cells as the light-harvesting layer,
A is usually methylammonium, B is lead, and X is a
halogen or a mixture of several halogens, thus making
the CH3NH3PbX3 molecule with proper light absorb-
ance and bandgap suitable for photovoltaic applications
[2, 3]. Miyasaka was the first who employed it as a

sensitizer layer in dye-sensitized solar cells and achieved
a PCE of 3.8 % [4]. Since then, attempts have been made
to engineer the device structure to increase the effi-
ciency and stability [5]. Methylammonium lead halide
perovskite usually forms according to the following
chemical reaction between its two precursors:

PbX2 þ CH3NH3X�!Organic solvents; Temp: CH3NH3PbX3

ð1Þ

where X is a halogen, usually I or Cl, which could be the
same in both precursors or different. Both the single-
halide CH3NH3PbI3 and mixed-halide CH3NH3PbI3 − xClx
perovskite molecules have been widely used as the light-
harvesting layer in perovskite solar cells (SCs) [6]. How-
ever, it has been demonstrated that the mixed-halide
perovskite exhibits superior photovoltaic performance,
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A B S T R A C T

In this paper, successful fabrication of highly conductive transparent graphene-doped PEDOT:PSS com-

posite thin films is reported for the first time, using conventional and substrate vibration-assisted ultrasonic

spray coating (SVASC). To suppress the challenges associated with spraying of the precursor solution con-

taining graphene, graphene sheets were broken by sonication and were uniformly dispersed and stabilized

in PEDOT:PSS aqueous solution using isopropyl alcohol (IPA). The mechanism of dispersion of graphene

in PEDOT:PSS aqueous solution using IPA is elucidated. The maximum electrical conductivity of 298 S.cm−1

was obtained for a graphene-doped PEDOT:PSS thin film, which compared to the pristine PEDOT:PSS thin

films shows a ten-fold increase, with a transparency comparable to that of the indium tin oxide (ITO)-

coated glass.

1. Introduction

PEDOT:PSS or (poly(ethylene-3,4-dioxythiophene) : poly

(styrenesulfonicacid)) is a conducting transparent co-polymer widely

used in thin film organic optoelectronic and photovoltaic devices,

as the hole transporting layer (HTL) and even as a transparent elec-

trode [1–3]. PEDOT:PSS can be easily processed in solution and

deposited on rough conducting surfaces (i.e. indium tin oxide), as

surface smoothening and protective cover layer. PEDOT is a con-

ductive polymer, whereas PSS is non-conductive and is employed

to improve the dispersion of PEDOT in an aqueous solution.

PEDOT:PSS aqueous solution is a suspension of dispersed micelles

comprised of PEDOT-rich cores or chains, normally surrounded by

PSS-rich coatings or shells [4]. Upon casting and drying, the mi-

celles convert to inter-linked grains or chains of conductive PEDOT

entangled in a continuous PSS matrix [5].

The optoelectronic properties of PEDOT:PSS thin films, such as

electrical conductivity and work function, depend on the size, mor-

phology, nanostructure, arrangement and interlocking of PEDOT and

PSS segments. The nanostructure of PEDOT:PSS may be engi-

neered by chemical methods, such as solvent treatment and inclusion

of salts and acids [5–12], by physical methods, such as heat treat-

ment [12,13], by doping with conductive nanomaterials such as

carbon nanotubes (CNT) and graphene ([14–25]), and by mechan-

ical methods through controlling the casting process, such as by

imposing ultrasonic vibration on the substrate to refine the film

structure [26–29].

Conductivity enhancement by solvent treatment is due to induc-

tion of excess ionic charges in the polymeric chains [12]. Treating the

PEDOTT:PSS thin film with neutral hybrids, such as zwitterions, is

another approach to enhance the film conductivity [8]. Zwitterions

are able to release either positive or negative charges, depending on

the surrounding media. These additional charges are imposed between

PEDOT and PSS and increase the conductivity. Addition of typical ionic

salts to PEDOT:PSS, such as CuBr2, InI3, and CuCl2, or highly polar

organic solvents, such as dimethyl sulfoxide (DMSO) or ethylene glycol

(EG), to the precursor solution can also improve the conductivity. Ionic

dissociation in aqueous media results in fragmentation of PSS chains

and the release of PEDOT segments, increasing the density of elec-

trical charges in the solution and consequently in the solid film [10].

We have recently investigated the addition of a long-chain tertiary

amine, ([(C18H37)N(CH2CH2O)nH(CH2CH2O)mH, (n + m = 15)], abbre-

viated as PEGO, to PEDOT:PSS aqueous solution, where an

improvement in conductivity, transmittance, and wettability was

achieved [5]. Addition of PEGO to PEDOT:PSS results in positive phase

separation in PEDOT:PSS film, which facilitates the formation of 3D

conducting networks of PEDOT chains, resulting in conductivity

enhancement.
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Abstract. Drying and crystallization of a thin liquid film of an ionic or a similar solution can cause dewet-
ting in the resulting thin solid film. This paper aims at investigating this type of dewetting, herein termed
“crystallization dewetting”, using PbI2 dissolved in organic solvents as the model solution. PbI2 solid films
are usually used in X-ray detection and lead halide perovskite solar cells. In this work, PbI2 films are
fabricated using spin coating and the effect of major parameters influencing the crystallization dewetting,
including the type of the solvent, solution concentration, drying temperature, spin speed, as well as im-
posed vibration on the substrate are studied on dewetting, surface profile and coverage, using confocal
scanning laser microscopy. Simplified hydrodynamic governing equations of crystallization in thin films are
presented and using a mathematical representation of the process, it is phenomenologically demonstrated
that crystallization dewetting occurs due to the absorption and consumption of the solution surrounding
a growing crystal. Among the results, it is found that a low spin speed (high thickness), a high solution
concentration and a low drying temperature promote crystal growth, and therefore crystallization dewet-
ting. It is also shown that imposed vibration on the substrate can affect the crystal size and crystallization
dewetting.

1 Introduction

Dewetting in a thin liquid film is a hydrodynamic process
occurring due to instabilities at a solid-liquid or liquid-
liquid interface, which is equivalent to the rupture of the
thin liquid film on the substrate and the formation of is-
lands or droplets. Dewetting usually starts from the hole
nucleation in the liquid film, followed by growth of the
holes to an extent that some parts of the substrate be-
come exposed. It usually happens in thin and ultrathin
films, because of the high surface to volume ratio, in which
the driving force and the chance for dewetting is high
due to the significance of the intermolecular forces, such
as van der Waals and electrostatic forces. In the litera-
ture, dewetting mechanisms of thin liquid films are cat-
egorized as follows, see, e.g. [1–3]: 1) dewetting initiated
due to heterogeneous hole nucleation as a result of the
presence of defects, impurities and contaminations in the
liquid film or on the substrate; 2) dewetting initiated due
to temperature gradients and thermal nucleation that can
generate holes in the film (homogeneous nucleation); 3)
spinodal dewetting stemming from the long-range molec-
ular forces in ultra-thin films; 4) and in some works auto-
phobic dewetting generated by entropy has been reported
and discussed, as well. The above-mentioned dewetting

a e-mail: Morteza.Eslamian@sjtu.edu.cn,
Morteza.Eslamian@gmail.com

mechanisms controlled by thermodynamics and hydrody-
namics of the system usually apply to thin films of pure
liquids or some liquid solutions that do not undergo so-
lidification. In some polymeric and also ionic solutions,
the liquid film may undergo nucleation, crystal formation
and growth, leading to crystallization dewetting, a pro-
cess which is controlled by kinetics of crystallization, as
well as the thermodynamics and hydrodynamics of the
process [4–19]. Therefore, in general, an intact thin liquid
film may or may not generate an intact thin solid film
after drying. Wetting can be promoted by manipulating
the solution properties, as well as the substrate surface
wetting characteristics [3,5,20], and by mechanical means
such as imposing a well-controlled ultrasonic vibration on
the substrate [21–24].

Owing to the importance of preventing crystallization
dewetting in fabrication of thin film devices, the focus
of this work is to study the effect of process parameters
on the characteristics of thin solid films made from an
ionic liquid solution. The motivation of this work stems
from the fact that a partially ruptured or dewetted thin
solid film with low coverage and high roughness has a low
or no performance when used in photovoltaic, optoelec-
tronic, and similar thin film devices, and therefore dewet-
ting in thin liquid and solid films has to be understood and
avoided. For instance, dewetting due to crystallization in
thin film perovskite solar cells, in which ionic perovskite
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a b s t r a c t

The main goal of this paper is to introduce a novel mechanical method herein terms as substrate vibration
post treatment (SVPT) technique, powered by ultrasonic vibration imposed on the substrate to enhance
the characteristics and functionality of spun-on thin films or thin films made by similar casting tech-
niques, such as drop and dip coating. In this technique, the as-casted wet films are placed on a substrate
vibrated by an ultrasonic transducer with controlled power and duration to improve the film character-
istics, such as uniformity and nanostructure. The performance of this technique is examined on spun-on
PEDOT: PSS thin films used in polymer and perovskite solar cells and unprecedented results are pre-
sented. We first explore the influence of the vibration duration time on the characteristics of the films
made by pristine PEDOT: PSS solution, where it is found that the optimized vibration duration for the
pristine PEDOT: PSS film is about 10 s, resulting in significant increase in the film electrical conductivity
and lowered thickness and roughness. In order to further test the generality and merit of the method, thin
films made using PEDOT: PSS solution modified with various types of surfactants and cured by the SVPT
are studied. The results show that the application of the SVPT method combined with surfactant modi-
fication leads to an impressive twelve-fold increase in the conductivity of the PEDOT: PSS thin films com-
pared with that of the pristine non-vibrated PEDOT: PSS thin films. The sole effect of the SVPT is a four-
fold increase in the conductivity of pristine PEDOT: PSS film compared with that of the non-vibrated film.
This remarkable enhancement in conductivity is further explained by the AFM phase images of PEDOT:
PSS films, showing that the ultrasonic energy could loosen the Coulomb forces between PEDOT and PSS
chains, resulting in phase separation and localized reordering of the conducting PEDOT chains leading to
an increase in the electrical conductivity of the film. Highly conductive PEDOT: PSS thin film is a viable
candidate as electrodes in emerging solution-processed solar cells.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

Conducting polymers have been widely used in the fields of
sensors, microelectronics, flexible displays and energy conversion
and storage devices, owing to their excellent electronic, optical
and mechanical properties, as well as their low-cost and sustain-
ability [1,2]. Since the synthesis of high conductivity polyacetylene
by Heeger and coworkers [3], a variety of conducting polymers
have been synthesized for use in emerging nanotechnologies, such
as organic solar cells. However, these conducting polymers are
usually insoluble in water resulting in poor process-ability [4].
One widely-used conducting co-polymer is poly(3,4-ethylenedioxy
thiophene) (PEDOT): poly(4-styrenesulfonate) (PSS) or simply,

PEDOT: PSS. PEDOT is a positively-charged conducting polymer
and a polythiophene derivative, which is insoluble in water. To
tackle the insolubility problem, the negatively-charged PSS is
blended with PEDOT, helping dispersion and stabilization of PEDOT
in water and other favored solvents [5]. PEDOT: PSS is one of the
most successful conducting polymers commercially produced in
large scale for energy conversion devices [6]. The microstructure
of PEDOT: PSS presents a loosely cross-linked and highly swollen
polymer gel network in which the molecular weight of PEDOT seg-
ments is very small resulting in rather short chain lengths com-
pared with the soluble PSS counterpart [7,8]. This unique
structure makes PEDOT: PSS possess several advantages, such as
having good stability against light and electricity in air, being
transparent in the visible light, showing excellent solubility,
process-ability, and exhibiting controllable electrical conductivity
from 10�2 to 103 S/cm, to name a few [5]. However, owing to the
rapid development in organic photovoltaic and photoelectronic

http://dx.doi.org/10.1016/j.ultras.2015.12.012
0041-624X/� 2015 Elsevier B.V. All rights reserved.
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a b s t r a c t

Polymer solar cell (PSC), also called organic photovoltaic solar cell (OPV), is an emerging solar cell, benefitting
from recent advances in nano-structured and functional energy materials and thin films, making it a cutting
edge applied science and engineering research field. The driving force behind the development of PSCs is the
need for a low-cost, scalable, flexible, light-weight, and easy to manufacture power source, something that
does not have the disadvantages of crystalline silicon and inorganic thin film solar cells. The fact that most
layers of organic solar cells can be made from materials that can be processed in solution and deposited using
low-cost casting methods in ambient conditions is a great advantage of solution-processed (SP) solar cells
(SCs). The unique characteristic of this review, compared to other reviews, is its focus on solar cell materials
and scalable fabrication techniques that are compatible with the concept of solution-process-ability. Following
this perspective, in this paper, an overview of the principle of operation, recent progresses within the past few
years, current challenges, and innovations pertinent to each layer of SP-PSCs and the entire device are pro-
vided. Detailed discussion on suitable materials for each layer, the effects of solvent treatment on nano-
structure of each layer, cell stability and lifetime, and the state-of-the-art scalable methods suitable for large
scale manufacturing of SP-PSCs are reviewed. At the end, future research trends in the area are deliberated. In
Part II, recent advances in lead halide perovskite solar cells will be reviewed.

& 2015 Elsevier Ltd. All rights reserved.
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a b s t r a c t

Perovskite solar cell (SC) is the most attractive and efficient emerging thin film SC, with a power con-
version efficiency (PCE) of up to 22%, certified by the United States National Renewable Energy
Laboratory (NREL), although the cell is not stable. Most layers of perovskite SCs, including the perovskite
light harvesting layer, are solution-processed, and thus can be fabricated by low-cost, scalable and
vacuum-free fabrication techniques, such as spray coating. Part I of this work was devoted to polymer or
organic SCs, a more mature but less efficient solution-processed SC (Wang et al., Renew Sustain Energy
Rev 2016;56:347–61) [1], and Part II reviews the fundamentals and recent advances in perovskite SCs,
from an engineering points of view. The review starts off with an introduction to perovskite crystal
structure in general, lead halide perovskite crystals as a light harvesting material, and the principle of
operation of various architectures of perovskite SCs, such as mesoporous and planar. Then various
components, including the light harvesting layer, electron transporting layer (ETL), hole-transporting
layer (HTL), and possible materials developed for each layer are discussed. The effects of various pro-
cessing parameters, such as the annealing time and temperature, solvent effect, reaction time, solution
concentration, and the thickness of each layer are discussed, to find the optimum process parameters.
Possible methods for the fabrication of perovskite layer and other layers are discussed, including spin–
spin and spin–dip sequential methods and scalable methods, such as spray coating. The stability of
perovskite SCs is also deliberated and advances made to improve the device lifetime are reviewed. The
review concludes with a summary and discussion of research trends and challenges in the field. Other
general issues, such as the necessity for the development of flexible substrates, indium-tin-oxide (ITO)-
free devices, solution-processed back contact, and comprehensive discussion of all solution-processed
techniques have been already considered in Part I of this review.

& 2016 Elsevier Ltd. All rights reserved.
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Controlled wetting/dewetting through substrate vibration-
assisted spray coating (SVASC)

M. Habibi, M. Eslamian , F. Soltani-Kordshuli, F. Zabihi

� American Coatings Association 2015

Abstract We have recently developed a novel spray-
coating method, called the ‘‘substrate vibration-assisted
spray coating’’ (SVASC) (Zabihi and Eslamian in J
Coat Technol Res 12:711–719, 2015), in which ultrasonic
vibration is imposed on the substrate to improve the
spray-on film and coating characteristics. In that work,
the SVASC method was introduced, and its effective-
ness on the uniformity and electrical conductivity of
PEDOT:PSS films, used in emerging solar cells, was
demonstrated. The present work reports unprece-
dented results on the effect of the ultrasonic vibration
power on wetting/dewetting of PEDOT:PSS films. It is
observed that, while the application of a low-power
ultrasonic vibration (LPUV) improves the surface
wetting and film coverage through improving droplet
spreading and coalescence and repairing of the dewet-
ted areas, a high-power ultrasonic vibration (HPUV)
promotes dewetting, resulting in less coverage and the
formation of a nonuniform film. The improved wetting
due to the application of the LPUV has opened a
window of opportunity for the fabrication of intact thin
films and related thin film devices. On the other hand,
the controlled dewetting process due to the application
of the HPUV may have novel applications in template
fabrication and self-assembly in nanotechnology. Here,
we also study the effects of the application of multipass
spraying compared with single-pass spraying strategy,
and the application of using two co-solvents on
PEDOT:PSS film characteristics. The results confirm
that the utilization of isopropyl alcohol (IPA) as a co-
solvent added to the PEDOT:PSS precursor solution
improves the surface wettability and film coverage,

compared to the films made using demethylformamide
(DMF), as the co-solvent.

Keywords Substrate vibration-assisted spray coating
(SVASC), Ultrasonic substrate vibration, Wetting,
Dewetting, PEDOT:PSS, Solution-processed solar
cells, Perovskite solar cells

Introduction

Crystalline silicon-based and some inorganic thin-film
solar cells, such as amorphous silicon solar cells, have
been commercialized and used in specialty applications
for decades. However, the high fabrication cost, high
temperature, and time-consuming fabrication proce-
dures hinder the widespread application of the solar
energy through the photovoltaic effect. Emerging thin-
film solar cells have been developing in the past years
to address the cost issue associated with crystalline
silicon-based and inorganic thin-film solar cells. Most
layers of the emerging solar cells, such as polymer and
perovskite solar cells, can be fabricated through easy
solution-based processes, such as spray coating.1 Var-
ious versions of spray coating have been used in large
scale in painting, automotive, pharmaceutical, agricul-
tural, cosmetic, textile, and food industries,2 with the
objective of providing a uniform protective or decora-
tive deposition with the best deposition effectiveness
(lowest wastage and energy consumption).3 In the
laboratory scale, spray coating has been introduced to
fabricate almost all layers of small-area solution-
processed solar cells. Large-scale roll-to-roll manufac-
turing of future solar cells with low wastage of
materials in a fast and cost-effective process is realiz-
able by spray coating, whereas spin coating, the
conventional lab scale fabrication method for solu-
tion-processed thin films, is applicable to small scales
and batch processes only. Owing to the aforemen-
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Solution-processed Cu2XSnS4 (X ¼ Fe, Co, Ni)
photo-electrochemical and thin film solar cells on
vertically grown ZnO nanorod arrays†

Anima Ghosh,ad Dhirendra K. Chaudhary,b Amrita Biswas,c Rajalingam Thangavel*a

and G. Udayabhanuc

This article presents the photo-electrochemical and photovoltaic performances of solution processed

Cu2XSnS4 (X ¼ Fe, Co, Ni) thin films on ZnS coated vertically aligned ZnO nanorod (NR) arrays for the

first time. The optical, structural and electrical properties of all the synthesized structures were

investigated using various characterization techniques. The electrocatalytic activities of the superstrate

structures were characterized by taking cyclic voltammetry (CV) measurements and performing

electrochemical impedance spectroscopy (EIS) analyses. Furthermore, the photovoltaic performances of

the devices with architecture ITO/ZnO-NR's/ZnS/Cu2XSnS4/Au were investigated under AM 1.5

illumination condition. The thin film solar cells with Cu2FeSnS4 (CFTS), Cu2CoSnS4 (CCTS) and Cu2NiSnS4
(CNTS) photoactive layers exhibited power conversion efficiency (PCE) values of 2.73%, 3.23% and 2.71%

respectively. All the devices exhibit good electrochemical as well as photovoltaic performance under

illuminations and have shown potential to fabricate nontoxic solution processed high efficient devices.

1. Introduction

The thin lm quaternary chalcogenide semiconductors have
been extensively studied in recent years for solar energy
conversion through photovoltaic and photocatalytic generation
for photo electrochemical cells due to its direct band nature,
optimal band gap values (1.4–1.6 eV) and high absorption
coefficient (�104 cm�1) in the visible range. Moreover, Cu2-
XSnS4 (X ¼ Zn, Fe, Co, Ni, Mn) are low-cost and non-toxic
semiconductor materials, whose elemental constituents are
earth abundant in nature.1–7 So, these nanocrystalline copper
chalcogenide semiconductors have received tremendous
attention from the scientic community for producing non-
toxic and cost-effective photovoltaic devices. One of the vastly
used approaches to increase the charge generation and transfer
as well as the power conversion efficiency of thin lm solar cells
and bulk heterojunction solar cells is to combine the advan-
tages of a metal oxide nanostructure (e.g. SnO2, TiO2, ZnO) with

thin lm photovoltaics.8–12 For this purpose, ZnO nanorod
arrays have received special and more attention because ZnO
displays good electron transport properties and vertically grown
ZnO nanorods provide high interfacial area, which reduces
recombination loss from particle-boundary electron hopping or
scattering.10,11 In literature, Cu2XSnS4 (X¼Zn, Fe, Co, Ni) nano-
crystals, Cu2ZnSnS4 (CZTS) thin lm, CZTS thin lm solar cell
on metal oxide nanostructure (e.g. TiO2, ZnO) have been re-
ported3,10,13–15 and also some literature reports available on the
synthesis of Cu2XSnS4 (X ¼ Fe, Co, Ni) thin lms and their
properties.2,16–23 Lee and Yong10 have reported enhanced
photovoltaic performances of Cu2ZnSnS4 (CZTS) thin lm solar
cells prepared using CdS coated ZnO nanostructures and ach-
ieved efficiency up to 1.2%.10 The solution-processed glass/ITO/
ZnO/CdS/CZTS/Au superstrate solar cell with lower conversion
efficiency (0.05%) has been fabricated by Suehiro et al.24 The
low-temperature processed, extremely thin absorber layer and
in situ deposition of CZTS nanoparticles and kesterite CZTS
solar cell fabricated previously by Hou and his group.25 They
demonstrated reduced charge carrier mobility of low tempera-
ture CZTS based photovoltaic devices using impedance spec-
troscopy and photo induced charge carrier extraction and
achieved power conversion efficiency of value 1.71% with
a current density of 8.57 mA cm�2.25 In other side, photo
response behaviours and photo-electrochemical properties of
Cu2FeSnS4 (CFTS), Cu2CoSnS4 (CCTS) and Cu2NiSnS4 (CNTS)
counter electrodes have also been reported.2,19–23 The photo
response behavior of spray coated CCTS thin lms was reported
by Zhang et al.; 17magnetic and photo detector applications of
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Abstract

The phase field method is proven to be a powerful tool in computational fracture mechanics in that it can predict crack nucleation

and branching, in some cases, without explicitly tracking the crack path. However, in such applications as hydraulic fracturing or

leakage, it is necessary or beneficial to have the crack geometry available. This paper presents a variational method to identify

the crack path from phase field approaches to fracture. The method is proven to be successful not only for a simple curved crack

but also for multiple and branched cracks. The algorithm employs the non-maximum suppression technique, a procedure borrowed

from the image processing field, to detect a bounding area which covers the ridge of the phase field profile. After that, it is continued

with the step to determine a cubic spline to represent the crack path and to improve it via a constrained optimization process. To

demonstrate the performance of our method, we provide the results with three sets of representative examples.

c© 2016 Elsevier B.V. All rights reserved.

Keywords: Phase field; Non-maximum suppression; Fracture mechanics; Hydraulic fracturing; Erosion filter

1. Introduction

The phase field method [1–3] is a powerful way of simulating crack propagation in that it can predict crack

emergence and branching, under certain circumstances, without explicitly tracking the crack path. One of the main

ideas of this method is to employ a smeared representation of discrete cracks. However, in some applications it is

still convenient to have the explicit crack path available, or even to develop a mechanism to introduce crack paths to
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Abstract

The phase field method has proven to be an important tool in computational fracture mechanics in that it does not require

complicated crack tracking and is able to predict crack nucleation and branching. However, the computational cost of such a

method is high due to a small regularization length parameter, which in turn restricts the maximum element size that can be used in

a finite element mesh. In this work we developed a massively parallel algorithm on the graphical processing unit (GPU) to alleviate

this difficulty in the case of dynamic brittle fracture. In particular, we adopted the standard finite element method on an unstructured

mesh combined with second order explicit integrators. To ensure stability, we designed a time adaptivity strategy to account for

the decreasing critical time step during the evolution of the fields. We demonstrated the performance of the GPU-implemented

phase field models by means of representative numerical examples, with which we studied the effect of the artificial viscosity, an

artificial parameter to be input, and compared the crack path branching predictions from three popular phase field models. Finally,

we verified the method with convergence studies and performed a scalability study to demonstrate the desired linear scaling of the

program in terms of the wall time per physical time as a function of the number of degrees of freedom.

c© 2016 Elsevier B.V. All rights reserved.

Keywords: Phase field; GPU parallelization; Explicit methods; Fracture mechanics; Time adaptivity

1. Introduction

Understanding and predicting fracture and failure in materials is important in engineering designs. Computational

modeling is a way to study the fracture phenomena, especially in cases in which experiments are impractical or too

expensive. As a consequence, a wide variety of fracture models have been developed. In the case of brittle fracture,

many of such models were developed based on Griffith’s theory in which crack nucleation and propagation are

determined by a critical value of the energy release rate. Many numerical approaches have been constructed with the

standard finite element methods (FEMs) [1] or the extended finite element method (XFEM) [2–5] in conjunction with
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YCuTe2: a member of a new class of thermoelectric
materials with CuTe4-based layered structure†

Umut Aydemir,*ab Jan-Hendrik Pöhls,c Hong Zhu,de Geoffroy Hautier,f Saurabh Bajaj,a

Zachary M. Gibbs,a Wei Chen,gh Guodong Li,ab Saneyuki Ohno,ab Danny Broberg,i

Stephen Dongmin Kang,ab Mark Asta,i Gerbrand Ceder,dgi Mary Anne White,c
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Intrinsically doped samples of YCuTe2 were prepared by solid state reaction of the elements. Based on the

differential scanning calorimetry and the high temperature X-ray diffraction analyses, YCuTe2 exhibits a first

order phase transition at �440 K from a low-temperature-phase crystallizing in the space group P�3m1 to

a high-temperature-phase in P�3. Above the phase transition temperature, partially ordered Cu atoms

become completely disordered in the crystal structure. Small increases to the Cu content are observed

to favour the formation of the high temperature phase. We find no indication of superionic Cu ions as

for binary copper chalcogenides (e.g., Cu2Se or Cu2Te). All investigated samples exhibit very low thermal

conductivities (as low as �0.5 W m�1 K�1 at 800 K) due to highly disordered Cu atoms. Electronic

structure calculations are employed to better understand the high thermoelectric efficiency for YCuTe2.

The maximum thermoelectric figure of merit, zT, is measured to be �0.75 at 780 K for Y0.96Cu1.08Te2,

which is promising for mid-temperature thermoelectric applications.

1. Introduction

A sustainable solution for the energy crisis requires both
replacing fossil fuels and diversifying our energy resources. As
more than half the energy produced by home heating, auto-
motive exhaust, and industrial processes is lost as waste heat,
the recovery of even a very small amount of this energy would
greatly contribute to global energy solutions.1 In this sense,
thermoelectric materials, which convert waste heat into useful

electrical energy, possess great potential as a sustainable and
reliable energy source. Thermoelectric waste heat recovery is
a proven technology and has been successfully implemented in
deep space exploration missions for decades. However, to
broaden the application areas, lower cost and improved ther-
moelectric efficiencies are required.

The thermoelectric efficiency of a material depends on the
dimensionless thermoelectric gure of merit, zT ¼ S2T/kr,
where T is the absolute temperature, S is Seebeck coefficient
(thermopower), r is electrical resistivity, and k is the total
thermal conductivity.2 The latter is comprised of three compo-
nents: the electronic contribution, ke (related to r for metals
through the Wiedemann–Franz law, ke ¼ LT/r, where L is the
Lorenz number), due to either electrons or holes; the bipolar
contribution, kB, due to both electrons and holes; and the lattice
contribution, kL, due to quantized lattice vibrations (phonons).
kL should be low or lowered to achieve high thermoelectric
efficiency. Reductions in kL can be achieved by shortening the
mean free path of the lattice phonons with several strategies
such as point defect scattering, alloy scattering, grain-boundary
scattering or interface scattering.3 However, some materials,
such as clathrates,4,5 skutterudites,6 and zintl pnictides7,8

display intrinsically low lattice thermal conductivities associ-
ated with their structures and lattice dynamics. Apart from kL

which can, to some extent, be manipulated independently, all
other parameters in the thermoelectric efficiency equation are
interdependent and governed by the charge carrier concentra-
tion, n. The optimum carrier concentrations for high

aDepartment of Applied Physics and Materials Science, California Institute of

Technology, 1200 E California Blvd, Pasadena, CA, USA
bDepartment of Materials Science and Engineering, Northwestern University, 2220

Campus Drive, Evanston, IL, USA. E-mail: umut.aydemir@northwestern.edu; jeff.

snyder@northwestern.edu
cDepartment of Physics and Atmospheric Science, Dalhousie University, 6310 Coburg

Rd, PO BOX 15000, Halifax, NS, B3H 4R2 Canada
dDepartment of Materials Science and Engineering, Massachusetts Institute of

Technology, 77 Massachusetts Avenue, Massachusetts, MA, USA
eUniversity of Michigan – Shanghai Jiao Tong University Joint Institute, Shanghai Jiao

Tong University, Shanghai 200240, China
fInstitute of Condensed Matter and Nanosciences (IMCN), Université catholique de
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Understanding thermoelectric properties from
high-throughput calculations: trends, insights,
and comparisons with experiment†
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We present an overview and preliminary analysis of computed thermoelectric properties for more than

48000 inorganic compounds from the Materials Project (MP). We compare our calculations with

available experimental data to evaluate the accuracy of different approximations in predicting

thermoelectric properties. We observe fair agreement between experiment and computation for the

maximum Seebeck coefficient determined with MP band structures and the BoltzTraP code under a

constant relaxation time approximation (R2 = 0.79). We additionally find that scissoring the band gap to

the experimental value improves the agreement. We find that power factors calculated with a constant and

universal relaxation time approximation show much poorer agreement with experiment (R2 = 0.33). We test

two minimum thermal conductivity models (Clarke and Cahill–Pohl), finding that both these models reproduce

measured values fairly accurately (R2 = 0.82) using parameters obtained from computation. Additionally,

we analyze this data set to gain broad insights into the effects of chemistry, crystal structure, and electronic

structure on thermoelectric properties. For example, our computations indicate that oxide band structures tend

to produce lower power factors than those of sulfides, selenides, and tellurides, even under the same doping

and relaxation time constraints. We also list families of compounds identified to possess high valley degeneracies.

Finally, we present a clustering analysis of our results. We expect that these studies should help guide and assess

future high-throughput computational screening studies of thermoelectric materials.

I. Introduction

Thermoelectric materials, which convert thermal to electrical
energy and vice versa, could play an important role towards

building an efficient and sustainable energy portfolio.1–3 When
integrated with traditional or renewable energy generation
systems, thermoelectric devices provide attractive possibilities
to increase energy efficiency. For instance, thermoelectrics can
potentially harvest waste heat from engine exhaust to improve
vehicle efficiency or can be employed as cooling systems when
extended reliability, silent operation or small size is required.

The maximum efficiency of a thermoelectric material is
related to its figure of merit (zT), an intrinsic material parameter
that depends on the Seebeck coefficient S, electrical conductivity
s, thermal conductivity k, and the absolute temperature T:

zT ¼ S2sT
k

: (1)

To achieve high zT values, one must both maximize the thermo-
electric power factor, S2s, and minimize k.

A wealth of literature has demonstrated the power of atomic-
scale modeling approaches based on density functional theory
(DFT) in understanding thermoelectric properties of diverse
materials.4–8 Using related techniques, we have initiated a
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ABSTRACT 
In this paper, simple selective solar absorbers with three 

layers are investigated, and their selective absorptivity spectra 
are quite appropriate for high performance solar absorbers. The 
simple solar absorber contains top ultrathin tungsten (W) layer, 
middle silica layers and W substrate. The thickness of silica can 
determine the location of absorptivity peak while the thickness 
of top W layer affects the intensity of absorptivity. Considering 
the total conversion efficiency, optimized thicknesses in solar 
absorbers are determined by genetic algorithm. This optimized 
thin film solar absorber keeps high absorptivities when incident 
direction varies from 0 degree to 60 degree in both TE and TM 
polarizations. Experiments validate the effectivity of thin film 
solar absorbers, and the deviation from simulations comes from 
increscent refractive index and surface non-uniform.   
                  
INTRODUCTION 

As one of clean and abundant energy sources, solar energy 
provides an available way to tackle with the fossil energy 
shortage and the environmental pollution. Solar absorbers can 
convert solar radiation to heat, which are vital components 
affecting the performance of solar thermal, solar thermoelectric 
and solar thermophotovoltaic systems. The key in the design of 
solar absorbers is spectral selectivity. Ideal selective solar 
absorbers have unity absorptance within a wide spectral range 
from visible to near-infrared and zero emittance in the mid-
infrared range. Moreover, they are insensitive to incident 
direction and polarization.  

Spectral selective solar absorbers can be categorized into 
six distinct types, including (a) intrinsic, (b) semiconductor-
metal tandems, (c) multilayer absorbers, (d) multi-dielectric 
composite coatings (d) textured surfaces and (f) selectively 
solar-transmitting coating on a black-like absorber [1]. Though 
there are so many types of solar absorbers, ideas of achieving 
spectral selectivity mainly are controlling film refractive 
indexes and designing surface morphologies. For example, 
graded index is one inspired method to control refractive 
indexes for achieving high absorptance by optical impedance 
matching. In 1977, Ritchie and Window improved absorptance 
of selective surfaces improve with a linear grading to air [2]. 
More excellent graded index profiles like cubic, quintic [3], 
modified quintic and modified exponential sine [4] are studied 
successively. However, practically the film structures need to 
be divided into layers of different refractive indexes to 
approach grade-index profile. Xi et al. [5] reported the 
fabrication of graded-index films which have five sub-layers 
based on modified quintic index profile, and demonstrated that 
they virtually eliminate Fresnel re ection from an AlN-air 
interface over a broad range of wavelengths. Different from 
graded index films, Sergeant et al. [6] proposed solar absorbers 
composed by aperiodic metal-dielectric film stacks using 
needle-optimization, and excellent spectral selectivity was 
achieved over a wide angular range.  

Besides these multilayer films are adopted, more and more 
new surface structures are proposed to improve dramatically 
the performance of solar absorbers. Sai et al. [7] fabricated 
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ABSTRACT
The successful exfoliation of atomically-thin bismuth tel-

luride quintuple layer (QL) attracts tremendous interest in in-
vestigating the electron and phonon transport properties in this
quasi-two-dimensional material. While experimental results
show that thermal conductivity is significantly reduced in Bi2Te3

QL compared to the bulk phase, the underlying mechanisms for
the reduction is still unclear. Also in some measurements, the
Bi2Te3 QL is usually supported on the substrate and the effect of
the substrate on heat transfer in Bi2Te3 QL is unknown. In this
work, we have performed molecular dynamics simulations and
normal mode analysis to study the mode-wise phonon properties
in freestanding and supported Bi2Te3 QL. We found that the ex-
isting of substrate will decrease the phonon relaxation times in
Bi2Te3 QL in the full frequency range. Thermal conductivity ac-
cumulation function for both freestanding and supported Bi2Te3

QL are constructed and compared. We found that half of heat
transfer in freestanding Bi2Te3 QL contributed from phonons
with mean free paths larger than 16.5 nm, while in supported
Bi2Te3 QL this value is reduced to 11 nm. In both cases phonons
with MFPs in the range of 10-30 nm are the dominate heat car-
riers, which contribute to 55% and 53% of thermal conductivity
in freestanding and supported cases.

∗Address all correspondence to this author.

INTRODUCTION

Bi2Te3 as one of the best room temperature thermoelec-

tric material has attracted a lot of attention recently [1–5]. The

performance of thermoelectric materials is characterized by it-

s figure of merit ZT = S2σT/k, where S, σ , T and k are the

Seebeck coefficient, electrical conductivity, absolute temperature

and thermal conductivity respectively. One effective approach to

enhance ZT is to reduce the lattice thermal conductivity of a ther-

moelectric material [1–3]. Significance progress has been made

in the last decade to decrease the lattice thermal conductivity of

Bi2Te3-based materials and therefore increase its ZT value. For

example, in nanostructured Bismuth Antimony Telluride bulk al-

loy, a peak ZT of 1.4 can be achieved at 100◦C [1]. The ZT of

p-type Bi2Te3/Sb2Te3 superlattice devices was reported as high

as 2.4 at room temperature, which is mainly due to the controlled

transport of phonons and electrons in the superlattices [2]. An-

other approach to reduce the thermal conductivity and hence en-

hance ZT is to reduce the dimension of materials [6,7]. The suc-

cessful exfoliation of a few quintuple layers (QLs) Bi2Te3 recent-

ly opens up tremendous opportunities for re-engineering its ther-

moelectric properties and enhancing the ZT through its quasi-

two-dimensional (2-D) structure [8]. For example, Qiu et al. [9]

investigated the thermal transport in perfect and nanoporous few

QL Bi2Te3 thin film, and found that the exist of nanosized pores

can significantly reduce the thermal conductivity, which is de-

sired for thermoelectric application. Zhang et al. [10] used the

first-principle method to study electronic structure of Bi2Te3 QL,
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1 Introduction

A beam is defined as a structure having one of its dimensions much larger than the other two. The generally

curved axis of the beam is defined along that longer dimension and the cross-section slides along this axis.

The cross-section’s geometric and physical properties are assumed to vary smoothly along the beam’s span.

Numerous components found in flexible multibody systems are beam-like structures: linkages, transmission

shafts, robotic arms, etc.

The solid mechanics theory of beams, more commonly referred to simply as “beam theory,” plays an im-

portant role in structural analysis because it provides designers with simple tools to analyze numerous

structures [1]. The governing equations for beam structures are nonlinear partial differential equations, and

the finite element method is often used to obtain approximate numerical solutions of these equations. Of

course, the same finite element approach could also be used to model the same structures based on plate and

shell, or even three-dimensional elasticity models, but at a much higher computation cost. Beam models are

often used at a pre-design stage because they provide valuable insight into the behavior of structures.

The analysis of complex cross-sections featuring composite materials and the determination of the associ-

ated sectional properties was first presented by Giavotto et al. [2]. Their approach, based on linear elasticity

theory, leads to a two-dimensional analysis of the beam’s cross-section using finite elements and yields the

sectional stiffness characteristics in the form of a 6×6 stiffness matrix relating the six sectional deforma-

tions, three strains and three curvatures, to the sectional loads, three forces and three moments. Furthermore,

the three-dimensional strain field at all points of the cross-section can be recovered once the sectional strains

are known.

The development of inelastic constitutive material laws for nonlinear beams has received far less attention

than that of elastic laws. In numerous publications, damping terms have been added in an ad-hoc manner

to linear Euler–Bernoulli or Timoshenko beam models (usually assumed to have a straight reference geom-

etry); in contrast, viscous damping models for geometrically nonlinear beams or rods are discussed only

rarely. The few articles that have appeared in the computational mechanics literature are discussed briefly.

Simo et al. [3] formulated sectional-level viscoplastic constitutive laws for geometrically exact rods without

resorting to local, three-dimensional constitutive laws. In contrast, Mata et al. [4] used the kinematic model

of Simo [5] to develop inelastic constitutive behaviour laws for composite beam structures under dynamic

loading. They evaluated the inelastic stresses by numerical integration of three-dimensional Piola-Kirchhoff

stresses over two-dimensional discretizations of the local cross sections to obtain the stress resultants and

couples of the rod model. The same authors also proposed a Kelvin-Voigt type model based on a single
viscosity parameter only and their formulation uses a vectorial strain measure defined point-wise within the

cross-section, which represents parts of Biot strain tensor; see Linn et al. [6] for additional details.

In a recent article, Abdel-Nasser and Shabana [7] inserted a three-dimensional Kelvin-Voigt model into

a geometrically nonlinear beam model using the absolute nodal coordinates formulation to obtain a vis-

cous damping beam model. Their formulation, however, suffers from Poisson locking and is not valid for

incompressible materials.

The Kelvin-Voigt model has also been used as a means of introducing numerical dissipation in dynamical

equations. The dynamic balance equations of a Cosserat rod lead to an undamped, nonlinear coupled
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ABSTRACT

In flexible multibody systems, it is convenient to approxi-
mate many structural components as beams. In classical beam
theories, such as Timoshenko beam theory, the beams cross-
section is assumed to remain plane. While such assuption is ca-
pable of capturing the kinetic energy of the system accurately,
it cannot represent the strain energy adequately. In the au-
thorss recent paper, an systematic approach was proposed for
the modeling of three-dimensional beam problems. The pro-
posed approach is based on the Hamiltonian formalism and leads
to an expansion of the solution in terms of extremity and cen-
tral solutions. This paper extends the previous approach to the
“Almansi-Michell problem,” i.e., three dimensional beams sub-
jected to distributed loads. Such problems can be represented by
non-homogenous Hamiltonian systems, in contrast with Saint-
Venants problem, which is represented by homogenous Hamil-
tonian systems. The solutions of Almansi-Michells problem are
not only determined by the Hamiltonian coefficient matrix but
also by the applied loading distribution patterns. hence, the con-
tributions of the loading pattern need to be taken into account.
A dimensional reduction procedure is proposed and the three-
dimensional governing equations of Almansi-Michells problem
can be reduced to a set of one-dimensional beams equations. Fur-
thermore, the three-dimensional displacements and stress com-
ponents can be recovered from the one-dimensional beams solu-
tion.

1 Introduction
The “Saint-Venant problem” refers to a three-dimensional

beam loaded at its end sections only. Saint-Venant considered
prismatic bars made of isotropic materials and whose sectional
properties do not vary along their span; he derived exact elastic-
ity solutions for beams under torsion [1] and bending [2]. The
“Almansi-Michell problem” refers to a three-dimensional beam
loaded by distributed body forces, lateral surface tractions, and
forces and moments at its end sections. The problem traces back
to Michell and Almansi, who generalized Saint-Venant’s prob-
lem to more general loading conditions involving uniform lateral
tractions [3] and linearly varying surface tractions [4], respec-
tively.

In the classical approach, both Saint-Venant’s and Almansi-
Michell’s problems are solved using the semi-inverse method.
For straight bars made of homogenous, isotropic materials, the
problem then reduces to the solution of two-dimensional Pois-
son’s equations over the bar’s cross-section [5, 6]. The boundary
conditions are satisfied exactly at the lateral surface of the beam
while those at its end sections are satisfied in a weak sense. The
solution is no longer exact near the end sections. Saint-Venant’s
principle [1, 7], however, implies that the discrepancy between
the exact and actual solutions decays away from the end sections
rapidly. Consequently, the solutions provided by Saint-Venant,
Almansi, and Michell are exact solutions of three-dimensional
elasticity “away from the beam’s end sections.” Typically, the
actual manner in which end loads are applied is unknown, and
hence, these exact solutions of elasticity provide the best esti-

Proceedings of the ASME 2015 International Design Engineering Technical Conferences & 
Computers and Information in Engineering Conference 

IDETC/CIE 2015 
August 2-5, 2015, Boston, Massachusetts, USA 

DETC2015-47154

1 Copyright © 2015 by ASME

Page 138



THREE-DIMENSIONAL NON-LINEAR SHELL THEORY
FOR FLEXIBLE MULTIBODY DY A ICS

S.L. Han
University of Michigan-Shanghai Jiao Tong University

Joint Institute
Shanghai, China 200240
Email: hanl@sjtu.edu.cn

O. A. Bauchau
Department of Mechanical and Aerospace Engineering
The Hong Kong University of Science and Technology

Clear Water Bay, Hong Kong
Email: bauchau@ust.hk

ABSTRACT

In flexible multibody systems, many components are approx-
imated as shells. Classical shell theories, such as Kirchhoff or
Reissner-Mindlin shell theory, form the basis of the analytical
development for shell dynamics. While such approach is capa-
ble of capturing the kinetic energy of the system accurately, it
cannot represent the strain energy adequately. For instance, it is
well known from three-dimensional elasticity theory that the nor-
mal material line will warp under load for laminated composite
shells, leading to three-dimensional deformations that generate
complex stress states. To overcome this problem, a novel three-
dimensional shell theory is proposed in this paper. Kinemati-
cally, the problem is decomposed into an arbitrarily large rigid-
normal-material-line motion and a warping field. The sectional
strains associated with the rigid-normal-material-line motion
and the warping field are assumed to remain small. As a conse-
quence of this kinematic decomposition, the governing equations
of the problem fall into two distinct categories: the global equa-
tions describing geometrically exact shells and the local equa-
tions describing local deformations. The governing equations for
geometrically exact shells are nonlinear, two-dimensional equa-
tions, whereas the local equations are linear, one dimensional,
provide the detailed distribution of three-dimensional stress and
strain fields. Based on a set of approximated solutions, the local
equations is reduced to the corresponding global equations. In
the reduction process, a 9× 9 sectional stiffness matrix can be
found, which takes into account the warping effects due to ma-
terial heterogeneity. In the recovery process, three-dimensional

stress and strain fields at any point in the shell can be recovered
from the two-dimensional shell solution. The proposed method
proposed is valid for anisotropic shells with arbitrarily complex
through-the-thickness lay-up configuration.

1 Introduction
Shells are structural components for which one dimension

is far smaller than the other two. The mid-plane of the shell
lies along its two long dimensions, and the normal to the shell
extends along the shorter dimension. The material properties of
the shell are assumed to vary smoothly over the shell’s mid-plane
surface. When the mid-plane surface is flat, a shell becomes a
plate.

Numerous structures can be approximated as plates and
shells. The long, slender wings of an aircraft can be analyzed,
to a first approximation, as beams, but a more refined analysis
will treat the upper and lower skins of the wing as thin shells
supported by ribs and longerons or stiffeners. The same can be
said about helicopter or wind turbine blades. Buckling of the face
sheets of wind turbine rotor blades is an important problem that
cannot be captured by beam models. This instability, however,
will be captured by shell models.

Solid mechanics theories describing shells, more commonly
referred to as “shell theories,” play an important role in struc-
tural analysis because they provide tools for the analysis of these
commonly used structural components. Although more sophis-
ticated formulations, such as three-dimensional elasticity theory,
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ABSTRACT
In structural analysis, many components are approximated

as plates. More often that not, classical plate theories, such as
Kirchhoff or Reissner-Mindlin plate theories, form the basis of
the analytical developments. The advantage of these approaches
is that they leads to simple kinematic descriptions of the problem:
the plate’s normal material line is assumed to remain straight
and its displacement field is fully defined by three displacement
and two rotation components. While such approach is capable
of capturing the kinetic energy of the system accurately, it can-
not represent the strain energy adequately. For instance, it is
well known from three-dimensional elasticity theory that the nor-
mal material line will warp under load for laminated composite
plates, leading to three-dimensional deformations that generate
complex stress states. To overcome this problem, several high-
order, refined plate theories have been proposed. While these
approaches work well for some cases, they often lead to ineffi-
cient formulations because they introduce numerous additional
variables. This paper presents a different approach to the prob-
lem: based on a finite element semi-discretization of the normal
material line, plate equations are derived from three-dimensional
elasticity using a rigorous dimensional reduction procedure.

Introduction
Plates are structural components for which one dimension

is far smaller than the other two. The mid-plane of the plate
lies along its two long dimensions, and the normal to the plate

extends along the shorter dimension. The material properties of
the plate are assumed to vary smoothly over the plate’s mid-plane
surface.

Numerous structures can be approximated as plates or shells.
The long, slender wings of an aircraft can be analyzed, to a first
approximation, as beams, but a more refined analysis will treat
the upper and lower skins of the wing as thin plates or shells
supported by ribs and longerons or stiffeners. The same can be
said about helicopter or wind turbine blades. Buckling of the face
sheets of wind turbine rotor blades is an important problem that
cannot be captured by beam models. This instability, however,
will be captured by plate models.

Solid mechanics theories describing plates, more commonly
referred to as “plate theories,” play an important role in struc-
tural analysis because they provide tools for the analysis of these
commonly used structural components. Although more sophisti-
cated formulations, such as three-dimensional elasticity theory,
could be used for the analysis of plates and shells, the asso-
ciated computational burden is often too heavy. Plate theories
reduce the analysis of complex, three-dimensional structures to
two-dimensional problems. The main goal of the proposed plate
theory is to approximate the three-dimensional plate-like struc-
ture with a two-dimensional model, while retaining an accurate
representation of the local, three-dimensional stress and strain
fields through the thickness of the plate.

Several plate theories have been developed based on vari-
ous assumptions, and lead to different levels of accuracy. One
of the simplest and most useful of these theories is due to Kirch-
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Abstract
In flexible multibody systems, many components are approximated as shells. More often that not, clas-

sical shell theories, such as Kirchhoff or Reissner-Mindlin shell theory, form the basis of the analytical

development for shell dynamics. The advantage of this approach is that it leads to a simple kinematic

representation of the problem: the shell’s normal material line is assumed to remain straight and its dis-

placement field is fully defined by three displacement and two rotation components. While such approach

is capable of capturing the kinetic energy of the system accurately, it cannot represent the strain energy

adequately. For instance, it is well known from three-dimensional elasticity theory that the normal mate-

rial line will warp under load for laminated composite shell, leading to three-dimensional deformations

that generate complex stress states. To overcome this problem, several high-order, refined plate and shell

theories [1, 2, 3] have been proposed. While these approaches work well for some cases, they typically

lead to inefficient formulation because they introduce numerous additional variables.

In this paper, a semi-discretization of the general equations of three-dimensional nonlinear elasticity is

performed, defining the “local model.” The equations relating the stress resultants, the sectional defor-

mations, and the warping field for the normal material line are derived from a linear combination of the

equations of the local model. These equations define the relationship between the stress resultants the

sectional deformations in an implicit manner, and hence, define the “global model.” A set of power series

solutions are found for the combined equations of local and global models. They are obtained through a

recursive solution of the combined equations.

Figure 1: A cylindrical shell under pressure.

Based on these solutions, the three-dimensional nonlin-

ear elasticity equations of shell-like structures can be

reduced to the nonlinear, two-dimensional, geometri-

cally exact shell equations, and the three-dimensional

stress field can recovered from the two-dimensional

shell solutions. In the reduction process, a 9×9 sec-

tional stiffness matrix is determined, which takes into

account the warping effects due to material heterogene-

ity. In the recovery process, three-dimensional stress

field at any point in the shell can be recovered from the

two-dimensional shell solution. The proposed method

is valid for anisotropic shells with arbitrarily complex,

through-the-thickness lay-up configurations.

To illustrate the proposed approach, a composite cylin-

drical shell under bending is investigated. Figure 1

shows the configuration of the problem. The shell is

simply supported along its two edges at θ = 0 and π/3,

and is subjected to the normal traction q(θ) = p0/2sin(3θ) along the normal ēn direction, over both

lower and upper surfaces. The outer, mean, and inner radii of the shell are denoted Ro, Rm, and Ri,

respectively. The shell is of thickness h = Rmφ/4, but of infinite length along unit vector ēz = ēn × ēθ .

The through-the-thickness lay-up consists of 4 plies of identical material, each of thickness, tp = h/4.

The material has the following stiffness properties: the longitudinal, transverse, and shear moduli are
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INTRODUCTION 
Plantar pressure distribution is an important 
research field for various biomechanics fields 
such as rehabilitation medicine, gait analysis, 
anatomical inspection, patients’ diabetes status 
forecasting, and neuromuscular examination 
[1][2][3][4].  Stress distribution data can also be 
used to guide sportsmen to improve posture and 
hence to reduce some injuries [5]; for shoe 
manufacturing industry, engineers could 
customize the design of different products based 
on the sole stress data [6]; with the increasing 
number of running and working-out population, 
normal and shear force distribution data could be 
used to rectify posture and lower the risk of 
injuries. 

The plantar stresses can be divided into two 
components: normal stress (i.e., vertical to the 
sole surface), and shear stress (i.e., parallel to 
the sole surface). Various methods to obtain 
pressure measurements have been reported in 
the literature. JJ Wertsch and JG Webster [7] 
manufactured some effective pressure sensor 
installed on an insole; the design measured 
normal pressure, but not the shear pressure. E.J 
Heywood et al.[8] manufactured a platform to 
measure both normal and shear forces; 
nonetheless the design was rather large and not 
suitable to be installed in a shoe. J.A Dobrzynska 
[9], Hyung-Kew Lee [10] and Peter Roberts [11] 
proposed a small and flexible sensor for shear 
force measurement, but did not overcome some 
disadvantages such as the limited measuring 
force range, the complicated fabrication 
technique, and the relatively weak response 
signal compared to the proposed technique.  

In this manuscript, we proposed using a relatively 
simple manufacturing technique based on known 
manufacturing technologies to make relatively 
small transducers capable of measuring shear 
and normal stresses concurrently. 

PROPOSED DESIGN 
Sensing technology 
Various sensing technologies are available to 
build pressure transducers, such as strain gauge, 
optical interferometer, piezoelectric sensor, 
capacitive sensor, and magneto-resistor sensor 
etc. [12]. In this work we chose capacitive 
sensors due to their relatively simple working 
principle and structure, and their ability to 
measure dynamic forces [13]. 

Dielectric material 
For a thin-film capacitor with an external load 
applied in a direction parallel to the thickness, the 
thickness of dielectrics change, causing the 
capacitance to change as well. The transducer’s 
static capacitance  can be expressed as:  

 

 is the material’s relative dielectric constant,  
is the dielectric constant of air,  is the electrode 
area,  is the static thickness of the film.  As the 
film is compressed the thickness of dielectrics 
changes and the corresponding capacitance can 
be calculated as: 

 

By applying a Fourier expansion (assuming
,), equation (2) can be approximated as: 

 

Ignoring the Poisson effect, the strain,   is equal 

to , where  is the pressure applied and E the 
dielectrics’ Young’s Modulus, equation (3) can be 
written as: 

 

The change in capacitance is proportional to   
 . At the same time, this dielectric shall be 

as thin as possible. In addition to considering the 
electrical performance, the selected dielectric 
material should have low hysteresis during the 
walking/running period and low creep rate at the 
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1. Introduction

The need for simultaneous measurement of three-degree-
of-freedom (3-DOF) planar position ( θXY Z) can be found 
in numerous applications such as semiconductor manufac-
turing, precision machining and inspection, biotechnology 
and so on [1, 2]. Conventional methods include those that use 
a combination of single-axis position sensors or a multi-axis 
laser interferometer. Using multiple linear or angular single-
axis position sensors usually means a complicated setup and 
potential errors caused by misalignment of sensors. Multi-axis 
laser interferometers are not only complicated but also expen-
sive, which limits their uses to more demanding applications.

To overcome these disadvantages, some researchers have 
proposed other optical methods in the past to measure planar 
position. Gao et  al developed a surface encoder, which is 
composed of an angle sensor and a sinusoidal grid, for sub-
micron position measurement of a planar motion stage [3, 4]. 

By measuring the angular displacement of a reflected laser 
beam, they achieved a resolution of 0.1 μm with a grid pitch 
of 150 μm. Chung et al developed a planar encoder based on 
the principle of diffractive interferometry [5]. It can measure 
2D displacement by using the Doppler effect. With a signal 
subdivision algorithm, it can achieve a resolution of 15 nm in 
a long stroke of up to 25 mm in both axes.

In addition to the above optical approaches, vision-based 
methods have also been proposed for planar position meas-
urement. Typically phase of the fundamental frequency of 
a periodic pattern is used to measure displacement. Since 
phase of the fundamental frequency is less affected by image 
noise, this method can achieve high measurement resolution 
and acc uracy. Yamahata et al used 1D discrete Fourier trans-
form (DFT) directly to calculate phase [7]. Their method is 
simple, but it can only measure translation along one axis. 
Moreover, due to the discretization and edge effects of DFT, 
the fundamental frequency and phase thus obtained are usu-
ally not accurate [8]. As a result, the phase can only be used 
to measure relative displacements. For absolute position 
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Abstract
In this paper, a vision-based method is proposed for three-degree-of-freedom (3-DOF) planar 
position ( θXY Z) measurement. This method uses a single camera to capture the image of a 2D 
periodic pattern and then uses the 2D discrete Fourier transform (2D DFT) method to estimate 
the phase of its fundamental frequency component for position measurement. To improve 
position measurement accuracy, the phase estimation error of 2D DFT is analyzed and a phase 
estimation method is proposed. Different simulations are done to verify the feasibility of this 
method and study the factors that influence the accuracy and precision of phase estimation. To 
demonstrate the performance of the proposed method for position measurement, a prototype 
encoder consisting of a black-and-white industrial camera with VGA resolution (480  ×  640 
pixels) and an iPhone 4s has been developed. Experimental results show the peak-to-peak 
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Abstract 

The cycle-to-cycle variations of fuel air mixing have significant effect on combustion efficiency and emission of IC 
engines. In a spark ignition direct injection (SIDI) engine, liquid fuel spray plays an important role in governing the 
mixture formation, and therefore a robust spray would contribute to improved combustion process and reduced emis-
sions. In this paper, the spray characteristics of three different single-hole prototype injectors were investigated. These 
prototype injectors had the same internal design but with different L/D (length to diameter) ratio of 0.5, 1.0 and 2.5. 
N-Hexane with 9% diethyl-methyl-amine (DEMA) and 2% fluorobenzene (FB) added as the dopants was used as the 
fuel in the experiments. Fuel injection pressure was 10 MPa, and experimental conditions covered a wide range of 
non-flash boiling and flash boiling conditions by adjusting the ambient pressure and fuel temperature accordingly. 
Laser induced exciplex fluorescence technique was used to investigate the vapor and liquid phases of the spray be-
havior. Characteristics of spray variations were analyzed using the proper orthogonal decomposition technique. Ex-
perimental results show that for the same injector, flash boiling spray behaved more repeatable than that of non-flash 
boiling (liquid) spray due to different mechanisms of primary atomization, and variation of spray vapor phase was 
stronger than that of the spray liquid phase. The spray variations of injectors with L/D ratio of 0.5 and 2.5 were similar 
while a higher magnitude of variations was found with L/D ratio of 1.0.  These results were caused by different in-
nozzle flow characteristics and interaction between spray and ambient air.  

                                                           
*Corresponding author: mxu@sjtu.edu.cn 

Page 145



ILASS Americas 28th Annual Conference on Liquid Atomization and Spray Systems, Dearborn, MI, May 2016

Near Nozzle Spray Characteristics of Spark-Ignition Direct-Injection Fuel Injectors under
Sub-cooled and Superheated Conditions

S.Q. Wu1, M. Xu*1, D.L.S. Hung1, 2, and H.J. Pan1

1. School of Mechanical Engineering, National Engineering Laboratory of Electronic
Control Technology

2. University of Michigan–SJTU Joint Institute
Shanghai Jiao Tong University

Shanghai, 200240 China

Abstract
More attention has been paid to fuel spray research due to the widely adoption of spark-ignition direct-injection (SIDI)
engines in today’s passenger vehicles. However, the fuel residue and carbon deposit at injector nozzle exit reduces the
hydraulic diameter and hence the hydraulic flow in the nozzle, which results in higher fuel consumption and deterio-
rated engine combustion. Extensive studies have been performed to investigate the effects of fuel additives on injector
deposit formation for injector deposit reduction. In this study, near nozzle fuel spray of various direct-injection gaso-
line injectors is studied under a wide range of sub-cooled and superheated conditions. Injectors with different length
to diameter ratio were investigated. A high pressure constant volume chamber was used to produce various ambient
conditions. High speed backlit imaging technique was applied to record the near nozzle spray structure, including the
start of injection and end of injection. Dense liquid core of the near nozzle spray was identified clearly under sub-
cooled condition with weak atomization. However, fuel atomized quickly soon after fuel was discharged from the
nozzles, and liquid core was hardly visualized. Results show that large ligaments and droplets are generated at the end
of injection of liquid fuel spray which adhere to the nozzle hole and result in deposit formation of injector holes.
However, as to the flash boiling spray, no liquid ligament exists at the end of injection, which indicates considerable
improvement of end of injection performance and provides a new method to resolve the injector deposit issues.

*Corresponding author: mxu@sjtu.edu.cn
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ABSTRACT

In Direct-Injection (DI) engine, fuel spray impinging on cylinder wall and piston affects the 
fuel-air mixture formation process which influences engine combustion and emissions. It 
reduces the engine cold start capability especially in cold regions around the world. In this 
experimental investigation, a robust low temperature thermostatic bath combined with specially 
designed heat exchangers are used to reach ultra-low temperature for either fuel or impinging 
plate. To evaluate the effect of both fuel and plate temperatures on spray impingement process 
at ultra-low temperature, macroscopic characteristics of the impinging spray is acquired by 
high-speed imaging. In addition, 2D Particle Image Velocimetry (PIV) is applied to reveal 
transient flow structure of the impinging spray. It was found that the macroscopic morphology
and radial penetration of impinging spray are still dominated by inertia at ultra-low temperature, 
showing little temperature dependence. However, the results of vortex analyses show that 
transient behavior is affected by temperatures of fuel and plate to some extent.

INTRODUCTION

In both Port Fuel Injection (PFI) engine and DI engine, fuel spray might impinge onto the inner 
surface of inlet port or combustion chamber, leading to fuel deposition on solid surfaces. With 
the rapid development of Spark-Ignition Direct-Injection (SIDI) engine, the injection pressure is 
being elevated to higher level to produce better fuel-air mixture. Moreover, engines are 
downsized with boosting technologies to achieve higher fuel efficiency and lower emissions. 
As a result, spray impingement in SIDI engine is becoming a serious issue which attracts 
increasing attention from researchers of both industrial and academic institutions.

As the last region of the four principal spray regions [1], the spray-wall interaction plays an 
important role in fuel-air mixture formation which is critical to engine performance and 
emissions. On one hand, finer droplets are produced and air entrainment is enhanced [2] during 
the impingement process. On the other hand, fuel deposition on cylinder wall and piston 
becomes a source of unburned HC and soot due to poor vaporization of the liquid film.

Regarding fundamental study of spray impingement, the behavior of single droplet impact on 
surfaces was studied extensively. Moita et al. [3] experimentally investigated the effect of plate 
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ABSTRACT 
Direct Injection (DI) technology has been widely adopted in gasoline engines because of its high 
fuel economy and excellent transient response. Fuel spray characteristics in DI engines are 
crucial to the performance of combustion and emission. The objective of this study is to 
systematically investigate the influence of ambient temperature on spray structure and 
evaporation characteristics under non-flash boiling, transitional and flare flash boiling conditions. 
Mie-scattering method was employed to capture the time-resolved structure of liquid sprays 
under various ambient temperatures. In addition, Schlieren method was used to measure the time-
resolved liquid-vapor distribution of the spray. A high pressure and high temperature constant 
volume chamber was utilized to realize various ambient temperatures and superheat degrees for 
sprays. A single-hole injector was tested and n-hexane was used as the fuel. The experimental 
results show that higher ambient temperature leads to stronger fuel evaporation and shorter liquid 
penetration for all spray conditions. Specially for the transitional flash boiling spray, the 
influence of ambient temperature on  the macroscopic structure is the most noticeable among all 
three conditions.  For non-flash boiling spray, the time required for full vaporization is reduced 
considerably under high ambient temperature. In contrast, flare flash boiling spray is less 
sensitive to different ambient temperatures than transitional and non-flash boiling spray. 
 
INTRODUCTION 
Spark-ignition direct-injection (SIDI) gasoline engines have been widely adopted in automobiles 
due to its accurate control of fuel injection quantity, which provides great potential to achieve 
higher fuel economy and lower engine-out emissions. Since liquid fuel is directly injected into 
the combustion cylinder of a SIDI engine, the fuel spray characteristics strongly influence the 
process of fuel-air mixing and combustion (1, 2). One important challenge for the SIDI 
technology is that while it is essential to have a more uniform in-cylinder fuel distribution for 
better preparation of combustion, the time available for fuel atomization and air mixing is very 
limited. Therefore, rapid atomization and vaporization of fuel spray are highly desired.  
 
In light of this, flash boiling spray has been shown with great potential to achieve high fuel 
economy and low emission by dramatically improving the fuel atomization and vaporization 
quality (3, 4).The mechanism of atomization and vaporization of flash boiling spray is 
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ABSTRACT 
Flash boiling spray has been demonstrated to produce better atomization even atlow injection 
pressures. As this type of spray is usually generated by preheating the fuel within the injector, the 
density and viscosity of fuel is also changed by the elevated temperature, which subsequently 
affects the flow rate of injection. While previous works about flash-boiling sprays mainly 
focused on their structure characteristics and formation mechanisms, flowrate of fuel under 
superheated conditions is rarely studied. Therefore, assessment into injected flowrate of flash 
boiling spray is necessary. In this study, the effects of temperature and superheat degree on the 
injected flowrate were investigated under a wide range of superheated conditions. Together with 
the previous studies of flash-boiling sprays and superheated flow inside an optical nozzle, the 
behavior of injection flowrate was illustrated. Under non-superheated conditions, the flow rate 
keeps unchanged. Under superheated conditions the flow rate and equivalent cross-sectional area 
of flow decreases with increasing superheated degree and increasing temperature. 
 
INTRODUCTION 
 
Spark-ignition direct-injection (SIDI) has become the mainstream technology for gasoline 
engines due to its quicker engine transient response and better fuel efficiency than port fuel 
injection engines. These benefits greatly rely on the high-pressure injection that brings in 
accurate control of fuel deliveries and desirable atomization [1, 2]. However, these advantages 
are limited, because when the injection pressure is already high, further increasing it is not 
beneficial any more. In addition, there are also disadvantages associated with high-pressure 
injection, noticeably the impingement of liquid fuel spray on the cylinder wall or piston top due 
to its longer penetration. This causes lubricant dilution and fuel adherence, the latter of which 
leads to pool fire with more unburned hydrocarbon and soot emissions. Therefore, alternative 
technologies are required to resolve these issues. In light of this, Xu et al.[3] characterized the 
flash-boiling sprays from a multi-hole DI injector and demonstrated that flash boiling provides 
an easier and better way to generate ideal sprays for SIDI combustion systems than the 
utilization of high injection pressure. Therefore, flash-boiling injection is the technology of 
interest for the current study. 
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Abstract 
Spray impingement on cylinder wall and piston affects the fuel-air mixing and the subsequent combustion as well as 
emission in spark-ignition direct-injection engines. It reduces the engine cold start capability especially in cold regions. 
To characterize the behavior and droplet size of the impinging spray at ultra-low temperature conditions, Phase Doppler 
Interferometry (PDI) was implemented to obtain the spatial and temporal distributions of the velocity and droplet size. 
Temperature of as low as -30°C was achieved for both fuel and impingement plate in this experimental investigation. 
The formation and development of the impinging vortex of the spray structure is described qualitatively in both time 
domain and spatial domain by correlating the distribution of validated droplet counts and velocity component normal 
to the impingement plate. Statistical quantities of droplet size are calculated in the downstream region where only 
post-impingement droplets are present. Results show that the behavior of the vortex is similar at ultra-low temperature 
conditions. In addition, plate temperature has a weaker impact on the post-impingement droplet size when compared 
to the fuel temperature. 

Keywords: Spray impingement, behavior, drop size, PDI 
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Abstract 
Flash boiling spray generated by the injection of superheated fuel can greatly improve the fuel atomization, evapora-
tion and combustion processes, which results in improved fuel economy and reduced exhaust emissions. In this 
study, the spray pattern of a six-hole injector at various planes below the injector tip was recorded using the planar 
laser Mie-scattering imaging method. N-hexane was chosen as the test fuel. Fuel temperature ranged from 25 °C to 
85 °C, and ambient pressure varied from 20 kPa to 200 kPa, which producing a wide range of superheated condi-
tions. The fuel injection pressures were 15MPa and 25MPa. The results showed that both increasing fuel tempera-
ture and decreasing ambient pressure led to expanded fuel plumes and more compact fuel plumes distribution, of 
which the distance between the centroid of each plume and injector tip decreased. The spray collapse length in-
creased with decreasing Pa/Ps ratio, and also increased with injection time elapse under superheated conditions. 
Higher fuel injection pressure suppressed the formation of spray collapse 
 
Keywords: SIDI injector, spray collapse, superheated condition, planar laser Mie-scattering imaging
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INFLUENCE OF SWIRL RATIO ON FUEL DISTRIBUTION AND CYCLIC VARIA-
TION UNDER FLASH BOILING CONDITIONS 
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versity 
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Abstract 
One effective way of suppressing the cycle-to-cycle variation (CCV) in engine is to design a combustion system that 
is robust to the root cause of engine variation over the entire engine working process. Flash boiling has been demon-
strated as an ideal technique to produce stable fuel spray. But the generation of stable intake flow and fuel mixture 
remain challenging. In this study, to evaluate the capability of swirl flow to produce repeatable fuel mixture formation, 
the fuel distribution inside a single cylinder optical engine under two swirl ratios were measured using laser induced 
fluorescence (LIF) technique. The swirl ratio was regulated by a swirl control valve installed in one of the intake ports. 
A planar laser sheet of 266 nm wavelength from a frequency-quadrupled Nd:YAG laser was directed into the optical 
engine through the quartz liner. The laser sheet was located at 15 mm below the tip of the spark plug. The fluorescence 
signal from the polycyclic aromatic hydrocarbon (PAH) in gasoline was collected by applying a 320-420 nm band 
pass filter mounted in front of an intensified CCD camera. Test results show that the in-cylinder fuel distribution is 
strongly influenced by the swirl ratio. Specifically, under high swirl condition, the fuel is mainly concentrated on the 
left side of the combustion chamber. While under the low swirl, fuel is distributed more randomly over the measure-
ment plane. This agrees well with the previous measurements of the flame kernel location. Additionally, the cycle-to-
cycle variation of the fuel distribution were analyzed. Results show that well organized fuel mixture pattern with low 
cycle-to-cycle variation was achieved under high swirl condition. 
Keywords: Swirl ratio, fuel distribution, laser induced fluorescence, intensity gradient, cycle-to-cycle variation 
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kinematic models with only one DOF at each hindfoot joint. This
assumption may be reasonable for studies that combine the
hindfoot joints by describing motion of the calcaneus relative to
the tibia. However, this simplification may not provide sufficient
accuracy to determine how various pathologies affect tibiotalar
and subtalar motion.

Aims: We evaluated the accuracy of two kinematic models to
predict tibiotalar and subtalar motion. Models represented the
hindfoot as a series of 1- or 3-DOF joints.

Methods: With IRB approval, ten asymptomatic subjects
provided informed consent to participate. Each subject performed
two activities: 1.0 m/s treadmill walking and single-leg heel-rise.
During each activity, skin-marker and dual-fluoroscopy (DF) data
were collected simultaneously. Tibiotalar and subtalar joint angles
calculated through inverse kinematic simulations using the two
models were compared to thosemeasured directly in vivo using DF.

Results: The 1-DOF model predicted average tibiotalar dorsi-
flexion/plantarflexionwith errors less than 3–730,while the 3-DOF
model predicted average subtalar inversion/eversion with errors
less than 4–730. However, neither model accurately predicted
discrete tibiotalar and subtalar joint angles on a per-subject basis.
Differences between model predictions and DF measurements
were highly variable across subjects, with some errors surpassing
10–730.

Summary/Conclusions: Kinematic models with 1- or 3-DOF
can predict trends in tibiotalar and subtalar angles. However, more
complex models that incorporate subject-specific parameters may
be required to accurately quantify in vivo hindfoot kinematics on a
per-subject basis.

http://dx.doi.org/10.1016/j.fas.2016.05.095
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The plantar soft tissue is a key component in understanding foot
behavior because of its low stiffness and large deformation
response. It is typically modeled as a homogeneous linear isotropic
or hyperelastic material at the macroscale. Typical calibration
methods for material properties include unconfined compression
tests and indentation tests. The hypothesis of this study is that the
alignments of collagen fibers and fat phases in the plantar soft
tissue produce hyperelastic and orthotropic material properties
that vary in a region specific [Ledoux, 2007] manner.

The objective is to incorporate the orthotropic and hyperelastic
properties into a nested finite element scheme to account for the
region specific character. Image analysis of thin sectioned plantar
soft tissue using laser confocal microscopy was conducted to
provide volume fractions of collagen fibers and fat cells and
principal directions of collagen fibers. A nonlinear nested finite
element code in ABAQUS is developed to provide homogenized
material properties of plantar soft tissue. Fat cells are modeled
using Mooney–Rivlin form and collagen fibers are modeled by a
hyperelastic material with cylindrical helix geometry. Initial laser
confocal microscopy findings indicate that the plantar soft tissue
has three principal directions which confirms that it is an
orthotropic material. The models and calibration methods devel-
oped in this study are well suited for multi-scale analysis of the
foot and ankle. The calibration methodology and nested finite

element method may be extended to analyze and design the
microstructure of functionally graded materials with large
deformations in biological systems.

http://dx.doi.org/10.1016/j.fas.2016.05.096
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Background: Diabetic foot is one of the worst consequences of
diabetes and may lead to plantar ulcers. Gait analysis allows
kinematics and kinetics estimation during walking, musculoskel-
etal models (MSM) can provide an estimation of muscle forces and
finite element (FE) modelling enables computing internal stresses
and strains acting on the foot.

Aims: The aim of this studywas to combine all these techniques
for preventing diabetic foot ulcers.

Methods: Gait analysis was carried out on both a diabetic
neuropathic subject (age 71, BMI 37 kg/m2) and on a healthy one
(age 31, BMI 20.15 kg/m2). A 6 cameras BTS stereophotogram-
metric system, synchronized with 2 Bertec force plates and 2
plantar pressure systems (Imagortesi) was used. Foot MRI
(Siemens Avanto, 1.5 T) was acquired. FE models were developed
[1] and subject-specific MSMs were created in OpenSim. Muscle
insertions were located in theMRI and implemented as connectors
in the FEmodel. Quasi-static FE simulationswere runwith Abaqus.
Two conditions, one including (C1) and one without (C2) muscle
forces were adopted. Simulated peak of pressures were extracted
for the comparisons between C1, C2 and experimental plantar
pressures.

Results: The important role assumed by the muscles in
modelling has been confirmed by the improvement in the
estimation of the peak pressure of C1 with respect to C2.

Conclusions: Even though MSM adds more approximations to
the simulations, the methodology proposed is promising and can
be used in order to determine the site at risk for plantar ulcers.

Reference

[1] Guiotto. et al. J Biomech 2014;47(12):3064–71.

http://dx.doi.org/10.1016/j.fas.2016.05.097
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Numerous assessment methods are practiced, including simple
load cell and optical coherence tomography based air-jet

Abstract 10: Modelling / Foot and Ankle Surgery 22S (2016) 41–4342

Multi-scale constitutive region specific
modelling of the plantar soft tissue
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Background: Arch-index (AI) is defined as the ratio between
midfoot and foot contact area excluding toes, thus is often used to
characterize anddifferentiate foot types such aspes-planus andpes-
cavus. Scarce is the literature currently available on themorpholog-
ical differences between dominant and non-dominant feet.

Aims: Aim of the study was to assess the effect of limb
dominance on AI and foot morphology in a population of young
and healthy individuals.

Methods: The feet of 19 healthy young subjects were scanned
during double-leg upright posture using a commercial laser-based
3D foot scanner device. The point cloud of the plantar aspect of
each foot was imported in Matlab and oriented according to an
anatomical reference frame. The foot main morphological param-
eters and AI were calculated. A questionnaire and balance tests
were used to determine the dominant limb of each subject.

Results: AI was lower in the foot of the dominant limb in all
subjects (AI dominant = 0.21 � 0.06; AI non-dominant = 0.23� 0.06;
p = 0.005).

Summary: Intra-subjectmorphological differencesbetween feet
are rarely accounted for in the analysis of humanmovement and in
the choice of footwear and orthotics. This study has shown that the
AI is lower in the foot of the dominant limb, and therefore this
appears more cavus than that in the contralateral side. While force
exertedbymuscles canbe speculated to affect footmorphology over
time, further investigation is required to shed lighton the reasons for
increased arch height in the foot of the dominant limb.

http://dx.doi.org/10.1016/j.fas.2016.05.299
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Background: In 1953 JH Hicks published a series of studies that
described the mechanics of the foot. In order to capture foot joint
kinematics Hicks devised a mechanical rig that tracked intrinsic
foot bonemotions during simulated walking in cadaver feet. Many
of Hicks’s observations have been refined or substantiated.
However, one observation appears to have remained unconfirmed
and unchallenged. That observation was that there exists at least
two significantly different orientations of the talocrural rotational
axes: one as the foot moves from full plantarflexion to neutral, and
one as the foot moves from neutral to full dorsiflexion.

Aims: We sought to evaluate Hicks description of talocrural
joint function by attempting to replicate his observations using
modern data capture and functional analysis techniques.

Methods: Rigid body bone pins were inserted into leg and foot
bones of fifteen human cadavers. An OptoTrak active marker

tracking system recorded motion data while the leg was
plantarflexed-dorsiflexed over the fixed foot. Marker position
values were converted into rotation matrices and the results
analyzed using the Functional Alignment (Ball & Greiner 2012)
analytical procedure to obtain the orientation of the talocrural
joint axis. The observed motion cycle was then halved
and reanalyzed to obtain independent joint axis values for the
plantarflexion and dorsiflexion halves of the movement
cycles.

Results: The axis of talocrural plantarflexion is angled posterior
and inferior to the talocrural dorsiflexion axis. This confirms Hicks
observations.

Conclusion: These observations support the notion that foot
function demonstrates more complexity than is generally appre-
ciated.

http://dx.doi.org/10.1016/j.fas.2016.05.300
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Typically, the standard procedure for fabricating a custom
made foot orthoses starts with moulds or surface data captured
in a neutral position of the foot(Root 1971, Root 1973). Recent
research (Laughton, Davis et al., 2002) reported that orthotic
arch height varies up to 2 cm among different fabrication
techniques. Therefore, alternative objective techniques are
required to obtain the optimum orthotic arch height and thus
obtain improved control of foot bone displacement and rotation
with orthoses. The hypothesis of this research is that there exists
a small range of optimum orthotic arch height, and consider-
ation of foot/orthosis interactions including soft tissue deforma-
tions and foot bone kinematics is needed to obtain the range of
optimal height. A 3D finite element analysis (FEA) of the foot,
ankle and orthosis is conducted, and a parametric study is
performed by fixing the orthotic stiffness (rigid) and body
weight and varying the arch height to predict the effective
height range of orthoses. Displacement of the navicular, plantar
pressure and strain in Plantar Aponeurosis (PA) is evaluated to
obtain the optimum range in orthotic arch heights. FEA results
shows: (1) Navicular displacement and PA strain are sensitive to
orthotic arch height, (2) High orthotic arches cause upward
navicular displacements and low orthotic arches prevent
navicular or PA strain control, and (3) Higher orthotic arches
promote midfoot loadings. Finally, an optimal range of orthotic
arch heights is obtained from uniform distributions of plantar
pressure (no localized plantar pressure peaks) and a controlled
navicular drop.

http://dx.doi.org/10.1016/j.fas.2016.05.301
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The plantar soft tissue is a key component in understanding foot behavior because of its low stiffness and

large deformation response. It is typically modeled as a homogeneous linear isotropic[1] or hyperelastic[2]

material at the macroscale. Typical calibration methods for material properties include unconfined com-

pression tests and indentation tests. The hypothesis of this study is that the alignments of collagen fibers

and fat phases in the plantar soft tissue produce hyperelastic and orthotropic material properties that vary

in a region specific[3] manner. The objective is to incorporate the orthotropic and hyperelastic properties

into a nested finite element scheme to account for the region specific character. Image analysis of thin sec-

tioned plantar soft tissue using laser confocal microscopy[4] was conducted to provide volume fractions of

collagen fibers and fat cells and principal directions of collagen fibers. Fat cells are modeled using Mooney-

Rivlin form and collagen fibers are modeled by a hyperelastic material with cylindrical helix geometry. A

nonlinear nested finite element[5] code in ABAQUS is developed to provide homogenized material proper-

ties of plantar soft tissue. Initial laser confocal microscopy findings indicate that the plantar soft tissue has

three principal directions confirming that it is an orthotropic material in Figure . A nested finite element

code was developed with hyperelastic constituent phases that can vary in a region specific manner. The

models and calibration methods developed in this study are well suited for multi-scale analysis of the foot

and ankle especially considering the key components of the plantar soft tissue. The calibration methodology

and nested finite element method may be extended to analyze and design the microstructure of functionally

graded materials with large deformations in biological systems, polymers and metals.

Figure 1: Collagen Microstructure showing evidence of material orthotropy, 10X

Keywords(optional): multi-scale, region specific, nested finite element
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1. Introduction 
The soft tissue  consists of an array of vertically aligned 

fat cell columns confined by fibrous connective tissue of 
collagen running transverse and diagonal that connect to the 
walls of the fat cell septae (Blechschmidt, 1982).  The 
density and orientation of the fibers are dependent on the 
location in the plantar soft tissue.  Fat chambers are largest 
under the calcaneus with a diameter of approximately 2.5 mm 
(Blechschmidt, 1982).  Three major problems for modeling 
the plantar soft tissue must be resolved to obtain an accurate 
3D foot and ankle structural model, and these are: (1) how to 
obtain those material properties experimentally, (2) how to 
model the material of the soft tissue accurately, and (3) how to 
assign the material to the complex 3D geometry.  

The collagen fibers introduce anisotropy to the 
mechanical response giving the orthotropic symmetry to the 
microstructure.  The orthotropic microstructure indicates that 
the vertical response of the soft tissue from the aligned fat 
cells may provide a greater vertical stiffness to the foot than 
what should be considered longitudinally or transversely.  
Evidence of the orthotropy of the material is typically 
neglected(Tao et al., 2009), and the plantar soft tissue is 
modeled as an incompressible isotropic elastic solid with 
uniform properties.  Recent investigations (Ledoux & 
Blevins, 2007; Miller-Young, Duncan, & Baroud, 2002) have 
shown that the soft tissue properties are hyperelastic in the 
vertical direction owing to the nature of the fat and collagen in 
the microstructure, and some researchers have incorporated an 
isotropic hyperelastic material into a 3D foot and ankle model.  
Typical isotropic hyperelastic models that may be used for this 
purpose are the Ogden, Mooney-Rivlin, and Neo-Hooke 
models. 

Recent investigation (Ledoux & Blevins, 2007) have also 
shown that the material properties change from region to 
region along the plantar surface.  This evidence has not yet 
been related, however, to the known changes in the density 
and orientation of the fibers which are also dependent on the 
location in the plantar soft tissue. Simple assignment of 
different material properties to elements of the soft tissue in a 
finite element (FE) model will result in stress concentrations 
across soft tissue region boundaries. Objective methods for 

assigning the material property to the plantar soft tissue in a 
region specific manner without inducing a stress concentration 
at region boundaries are needed. 

While isotropic constituent (Natali, Fontanella, Carniel, 
& Young, 2011) and nonlinear behavior of the soft tissue have 
been considered for modeling the soft tissue, no models have 
considered the constitutive nonlinear micromechanical 
analysis with orthotropic material properties of the plantar soft 
tissue on a region specific basis.

In this study, a multi-scale nested FE model framework is 
developed to effectively describe the constituent properties of 
the fat cells and collagen fibers, and the model provides a 
convenient means of assigning the region specific material 
behavior of the orthotropic hyperelastic incompressible 
plantar soft tissue. Also, the model is calibrated by 
experimentally obtaining an orthrotropic description of plantar 
soft tissue microstructure.
2.  Model Development

The nested FE scheme used for the plantar soft tissue 
given in Figure 1 shows how the RUC geometry is adjusted at 
each Gaussian integration point, and the stresses in the 
hyperelastic materials are updated at the end of the increment.  

Figure 1: Schematic for the proposed nested FEA approach
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Abstract—In this paper we design a linear time-invariant
(LTI) two-input-two-output (TITO) controller for the Permanent
Magnet Synchronous Motor (PMSM). First the nonlinear system
of a PMSM is approximated using a linear system with structured
uncertainties according to the PMSM geometric structures. We
then design a linear controller for the approximated linear system
using a standard μ-synthesis robust control method. The main
contribution of this paper is that a unified LTI controller is
designed for the nonlinear PMSM plant using mature modern
control theory, without referring to classical PID control. Thus
largely reducing the design effort. The newly designed robust
controller is not only easy to calculate, it is also easy to implement
and requires less sensors. By virtue of modern robust control
theory, it responds fast to exogenous inputs, and robust against
parameter uncertainties as well.

Index Terms—PMSM, robust control, μ-synthesis, geometric
mechanics, model reduction

I. INTRODUCTION

The Permanent Magnet Synchronous Motor (PMSM) plays

a significant role in industrial applications such as electrical

vehicles, power generation, industrial robots, traction drive

etc. [1], [2], [3], taking place of DC and induction motors in

a continuous progress, especially when rapid torque responses

and high-performance operations are required [4], [5], [6].

Although the PMSM is becoming more and more popular

due to its obvious advantages, it still baffles control scientists

and engineers to find an effective and efficient algorithm to

manipulate the PMSM, mainly due to the nonlinearity that

resides in its dynamical model, as well as other uncertainties.

Various motor control strategies have been proposed in the

past decades since the invention of AC motors, among which

Field-oriented control (FOC) and direct torque control (DTC)

are the most popular and widely used ones [7]. Although

being drastically different in several ways, both FOC and DTC

follow classic PID control without considering too much on

the model of the motor. Since PMSMs are a special class of

AC motors, FOC or DTC can be easily adapted to controlling

PMSMs. FOC deals with PMSMs in the rotor coordinates,

and often raises the efficiency of the PMSM by regulating its

direct current to zero, which constitutes one PI control loop.

DTC operates in the stator coordinates, directly commands the

driving torque, and thus responds faster than FOC; yet it loses

the accuracy as well as precision at the low speeds.

In the rotor coordinates, with the dynamical model specified

concretely, more structures of PMSMs are explored to help de-

sign controllers with high efficiencies [8]. One major difficulty

encountered when designing the controller for PMSMs is that

its model is described by a nonlinear system. One direct way

to design a controller for such a nonlinear system is to apply

the Lyapunov stability theory [9], [10], [11]. However, the

searching for an appropriate Lyapunov function is not always

an easy task. The Lyapunov methods as well as PID control are

further combined with other nonlinear control methods such as

adaptive backstepping [9], [10], [11], [12], [13], sliding mode

control, etc. [14], [15], all of which requires sophisticated

combination of different control methods. Feedback lineariza-

tion is another popular method for doing nonlinear control

based on differential geometry techniques [16], [17], which

is also applicable to PMSM control. The nonlinear system of

the PMSM is exactly transformed to a linear system without

any approximation, and for the feedback linearized system, the

full-fledged linear system control theory is handily applied at

once. However, the feedback linearization process alone does

not guarantee robustness and a full state measurement is often

required [8]. Within reasonable computational limits, model

predictive control (MPC) technique has also been frequently

used in PMSM control after the original system is either trans-

formed to or approximated by a linear system [6], [18], [19],

[20]. To fully exploit the advantages of existing linear system

control theory, several robust control methods, such as H-

infinity control or μ-synthesis, are also applied to design robust

controllers of PMSMs [21], [22], [23], often with the help of

PID controllers to eliminate nonlinear terms in the original

system at the initial stages. The entire integration of different

types of controllers are usually not without meticulous efforts.

In this paper, we will fully embrace the inherent geometric

structures of the nonlinear system model of the PMSM. It

is then obvious to discover that the nonlinear system is

symmetric enough to be reduced to a linear system, albeit

with uncertainties, which happen to be also well-structured.

We thereby design our controller via modern robust control

theory [24], [25], without resorting to the classic heuristic PID

control methods. The controller designed using this method

does not require typical trial-and-error control parameter se-

lection usually encountered in PID controller design, which is

often highly experience-demanded for MIMO control design.

978-1-5090-3474-1/16/$31.00 ©2016 IEEE 2885Page 162
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Robust Optimization With
Parameter and Model
Uncertainties Using Gaussian
Processes
Uncertainty is unavoidable in engineering design, which may result in variations in the
objective functions and/or constraints. The former may degrade the designed perform-
ance while the latter can even change the feasibility of the obtained optimal solutions.
Taking uncertainty into consideration, robust optimization (RO) algorithms aim to find
optimal solutions that are also insensitive to uncertainty. Uncertainty may include varia-
tion in parameters and/or design variables, inaccuracy in simulation models used in
design problems, and other possible errors. Most existing RO algorithms only consider
uncertainty in parameters, but overlook that in simulation models by assuming that the
simulation model used can always provide identical outputs to those of the real physical
systems. In this paper, we propose a new RO framework using Gaussian processes, con-
sidering not only parameter uncertainty but also uncertainty in simulation models. The
consideration of model uncertainty in RO could reduce the risk for the obtained robust
optimal designs becoming infeasible even if the parameter uncertainty has been consid-
ered. Two test examples with different degrees of complexity are utilized to demonstrate
the applicability and effectiveness of our proposed algorithm. [DOI: 10.1115/1.4034222]

Keywords: robust optimization, parameter uncertainty, model uncertainty, gaussian
process

1 Introduction

Real engineering applications inevitably involve uncertainty.
The existence of uncertainty may lead to variations in objectives
and/or constraints, which may degrade the objective performance
and/or even change the feasibility of optimal solutions obtained
using deterministic models and parameters. Ignoring uncertainty
in the design optimization problems thus may cause inappropriate
decision-making, low robustness and reliability, high cost, and
even catastrophe failure [1,2]. Taguchi first proposed the concept
of robust design, accounting for performance variations due to
uncontrollable uncertainty in parameters [3]. Researchers there-
after make further development in robust design approaches, for
example, in the literature [4–7].

Uncertainty can generally be classified into two categories, ale-
atory and epistemic [8,9]. Aleatory uncertainty, which is objective
and unreducible, refers to the inherent variation associated with
the physical system or environment [10]. Epistemic uncertainty,
on the other hand, is subjective and reducible, reflecting the lack
of knowledge or information about the nature of physical systems
[11]. Parameter uncertainty can be either aleatory or epistemic in
physical systems [12]. If a parameter has aleatory uncertainty, it is
usually treated as a random variable following a specific probabil-
ity distribution [13]. If epistemic, it can be handled by probability
theory or nonprobability theories, such as evidence theory [14],
possibility theory [15], and fuzzy set theory [16]. Intervals with
evidence theory interpretation have been widely used to represent
epistemic parameter uncertainty. According to how parameter
uncertainties are modeled, researchers proposed probability-based
robust optimization (RO) approaches [5,17,18] and interval-based
RO approaches [6,7,19–21], respectively. In this work, we con-
sider parameters with interval uncertainty.

Numerous RO approaches have been proposed in the literature.
For example, considering interval uncertainty in parameters, Li
et al. [6] proposed a RO technique where robustness measures are
used to ensure objective robustness and feasibility robustness. The
proposed RO method has a double-looped optimization structure
[6], where the outer loop optimization searches the optimal point
and the inner loop optimization verifies the robustness of the can-
didate solution. However, most RO approaches use mathematical
functions implemented in computer codes, so called simulation
models or computer models, to predict the performance of real-
world physical systems. Due to the rapid development of com-
puter power, computer models have been widely used to simulate
and analyze real systems in many fields of science and technol-
ogy, for the reason that physical experiments can be too expensive
and time-consuming to conduct or even simply impossible such as
in the case of weather-forecasting [22]. Simulation-based design
approaches are developed based on the hypothesis that the simula-
tion model could represent the real physical system perfectly.
However, it cannot be true since there always exist various types
of uncertainties in the simulation models [23], including parame-
ter uncertainty, model uncertainty, and other random errors. Dif-
ferent with parameter uncertainty, model uncertainty refers to
model discrepancy, bias, or inadequacy, which is formally defined
as the difference between the true value of the real-world process
and the code output of the simulation model at the same value of
inputs [23]. To build and enhance the confidence of simulation
models, several inferential techniques and modeling frameworks
have been widely adopted and developed, such as calibration
[23–25], verification and validation [26–30]. Kennedy and
O’Hagan described the details of calibration and showed how to
consider model uncertainty in calibration and in subsequent pre-
dictions of the physical system [23]. Recent studies on verification
and validation in computational physics has been reviewed in Ref.
[27], which also provides an extensive discussion on verification
and validation, and implementation issues to improve the confi-
dence in computational predictive capability. With these methods,
the difference between the computer model and the real system
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ABSTRACT
Uncertainties are inherent to the physical world, which has

made them a prominent field of research. They manifest them-

selves in many fields of engineering, one of which is known as

tolerance analysis, where engineers attempt to predict system

performance affected by the tolerance through analytical mod-

els. Ordinarily, discrepancies between analytical and experimen-

tal models are overcome by calibration techniques, using exper-

imental data. Acquiring experimental data becomes a monetary

expensive endeavor, when performed on assemblies with relative

large design parameters. This work presents a methodology to

formulate and calibrate analytical models, using Bayesian infer-

ence and Gaussian processes. The advantage of this methodol-

ogy is that it uses a single set of overall performance experimen-

tal data, with a more accurate result than conventional methods.

Subsidiary to the proposed methodology is a case study, vindi-

cating as well as illustrating its transcendence from the confining

extremities delineated by the panoply of current tolerance analy-

sis and calibration techniques.

Keywords: Bayesian Inference, Gaussian Process, Toler-

ance Analysis, Uncertainty.

1 INTRODUCTION
Uncertainty is inherent to any process or system in the phys-

ical world. Due to this cardinality, uncertainty found its way into

the field of engineering. This specific field is often referred as

”design under uncertainty”, upon which many researchers spend

their time and efforts. The results of this effort is generally

adopted in analytical models, attempting to refine the perfor-

mance estimation of physical systems by using developed ana-

lytical models. Practical examples on how uncertainty manifests

in physical systems can be observed by comparing experimen-

tal data with the initially formulated analytical models. The on-

going technical development is continuously driving systems to

grow in functionality as well as in complexity, similarly to their

corresponding analytical models. With this continuous growth in

complexity, more advanced methods will have to be developed to

mitigate the discrepancy between analytical models and experi-

mental data.

More specifically, uncertainties surface when estimating

system performance exposed to tolerance variation. Early work

in this field has been done by [1,2], where the tolerances are for-

mulated to following a distribution of a certain type. Frequent

used distributions are of type ”Normal”, ”Triangle”, and ”Rect-

angle”, which are identified and discussed in [3]. A compre-

hensive introduction into tolerance analysis is published in [4].

Moreover, this work presents the commonly used methods to

model tolerance stack up. For a pessimistic estimation the con-

stituent tolerance dimensions can be summed together. This ap-

proach assumes the worst possible conditions, where the dimen-

sions may reach their extremities. A second and more idealis-

tic approach is to take the squared sum of the tolerance dimen-

sions. This approach assumes that the distributions are symmet-

ric, and the mean is centered at the nominal value. These meth-

ods have been widely accepted in the field of tolerance analysis,

and are used by [5] in combination with Monte Carlo simula-

tions, where as [6] used them in combination with three datum

planes to keep track of the geometric, position and orientation

deviations. Lastly [7] used them to analyze tolerance stack up
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A Sequential Robust
Optimization Approach for
Multidisciplinary Design
Optimization With Uncertainty
One real challenge for multidisciplinary design optimization (MDO) problems to gain a
robust solution is the propagation of uncertainty from one discipline to another. Most
existing methods only consider an MDO problem in the deterministic manner or find a
solution which is robust for a single-disciplinary optimization problem. These rare meth-
ods for solving MDO problems under uncertainty are usually computationally expensive.
This paper proposes a robust sequential MDO (RS-MDO) approach based on a sequen-
tial MDO (S-MDO) framework. First, a robust solution is obtained by giving each disci-
pline full autonomy to perform optimization without considering other disciplines. A
tolerance range is specified for each coupling variable to take care of uncertainty propa-
gation in the coupled system. Then the obtained robust extreme points of global variables
and coupling variables are dispatched into subsystems to perform robust optimization
(RO) sequentially. Additional constraints are added in each subsystem to keep the consis-
tency and to guarantee a robust solution. To find a solution with such strict constraints,
genetic algorithm (GA) is used as a solver in each optimization stage. The proposed RS-
MDO can save significant amount of computational efforts by using the sequential opti-
mization procedure. Since all iterations in the sequential optimization stage can be proc-
essed in parallel, this robust MDO approach can be more time-saving. Numerical and
engineering examples are provided to demonstrate the availability and effectiveness of
the proposed approach. [DOI: 10.1115/1.4034113]

Keywords: MDO, robust optimization, interval uncertainty, sequential approach

1 Introduction

Nowadays, engineering systems are getting more complex and
involving several disciplines interacting with each other. This
phenomenon leads to the rapid growth of MDO methods. MDO is
a field of engineering design focusing on using optimization meth-
ods for the design of systems which involve a number of coupled
disciplines. Typically, there are two kinds of structures in MDO
formulations, single-level and multilevel structures. In the single-
level structure, the MDO problem is solved in a single optimiza-
tion problem. Multidisciplinary feasibility, individual discipline
feasibility (IDF), and all-at-once [1] are three typical MDO meth-
ods solving the problems in a single-level structure. While in the
multilevel structure, the same MDO problem is decomposed into
multiple optimization subproblems with local subsets of variables
and constraints. Concurrent subsystem optimization (CSSO) [2],
bilevel integrated system synthesis [3], collaborative optimization
(CO) [4–6] and analytical target cascading (ATC) [7] are typical
ones. All these approaches are reviewed in detail using unified
description in the literature [8]. In Ref. [9], an approach called
S-MDO is proposed. In this approach, since all subproblems can
be solved in a sequential way and all iterations are independent
from each other which can be processed in parallel, its computa-
tional efficiency is much better compared to most of multilevel
MDO methods mentioned above. It provides us an efficient frame-
work to solve bilevel MDO problems with uncertainty.

Uncertainty is inevitable in real design problems. For example,
manufacturing error, dimensional tolerance, and variations in

assembly should be taken into account in the design of internal
combustion engines. Thus, many robust design methods have
been proposed to get a robust optimal design in order to avoid
unexpected loss. Since the robust design concept was firstly pro-
posed by Taguchi [10], many progresses on RO can be seen in the
literature, for example, Ref. [11–14]. Among them, Li and Azarm
proposed a quantitative measure of robustness to account for inter-
val uncertainty [15], based on the concept of the sensitivity region
[16]. By using the robustness index defined in Ref. [15] and add-
ing one more constraint, the robust solution is ensured for an opti-
mization problem under interval uncertainty.

In MDO problems, uncertainty in parameters and mathematical
models not only can degrade the performance of one discipline
itself but also can propagate across disciplines. Integrating the
concept of RO and MDO has a great potential to overcome this
critical issue. A probabilistic ATC is presented to solve multilevel
optimization problems under uncertainty [17]. An efficient uncer-
tainty analysis method developed in Ref. [18] estimates the mean
and variance of system performance and improves the efficiency
of robust design in MDO. Uncertainty-based MDO (UMDO) has
been reviewed in Ref. [19], including CO-based UMDO, CSSO-
based UMDO, and ATC-based UMDO. A MDO method based on
robust design techniques called MORDACE was proposed in
Ref. [20]. In this approach, different discipline optimization prob-
lems are conducted independently to find optimal solutions and to
decide a compromise on global variable values, and the robust
solution is found by adding a new objective function which is the
sensitivity of objective values to variations of global variables.
However, effects of coupling variables are not taken into account
in the independent optimization processes. The method proposed
in literature [21], named IDF-PCE, iteratively constructs the poly-
nomial chaos expansions to represent the couplings between disci-
plines. This method based on IDF is claimed to be able to ensure
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Uncertainties, inevitable in nature, can be classified as probabil-
ity based and interval based uncertainties in terms of its represen-
tations. Corresponding optimization strategies have been
proposed to deal with these two types of uncertainties. It is more
likely that both types of uncertainty can occur in one single prob-
lem, and thus, it is trivial to treat all uncertainties the same. A
novel formulation for reliability-based design optimization
(RBDO) under mixed probability and interval uncertainties is
proposed in this paper, in which the objective variation is con-
cerned. Furthermore, it is proposed to efficiently solve the worst-
case parameter resulted from the interval uncertainty by utilizing
the Utopian solution presented in a single-looped robust optimiza-
tion (RO) approach where the inner optimization can be solved by
matrix operations. The remaining problem can be solved utilizing
any existing RBDO method. This work applies the performance
measure approach to search for the most probable failure point
(MPFP) and sequential quadratic programing (SQP) to solve the
entire problem. One engineering example is given to demonstrate
the applicability of the proposed approach and to illustrate the
necessity to consider the objective robustness under certain cir-
cumstances. [DOI: 10.1115/1.4034346]

Keywords: reliability, optimization, objective variation, mixed
probabilistic and interval uncertainties

1 Introduction

Uncertainty in the input parameters will propagate to the out-
puts which may consequently exhibit some degree of degradation.
Therefore, uncertainty has to be quantified and analyzed during
optimization. The most applicable mathematical model to

quantify uncertainty is based on probability theory [1], and
reliability-based design optimization (RBDO) has been developed
to address the effects of uncertainties on the system performance
[2,3]. The first- and second-order reliability methods (FORM and
SORM) are two widely applied RBDO approaches.

Probability-based uncertainty fully utilizes the known infor-
mation and may avoid conservative design. However, to accu-
rately build the probability distributions, lots of data and
information are needed, which hinder this approach from being
applied in the case where there is insufficient data or imprecise
information. As a result, other uncertainty models are pro-
posed, such as models based on possibility theory [4,5], fuzzy
set theory [6,7], evidence theory [8], and interval analysis
[9–13].

Of all the above mentioned alternative uncertainty models, the
interval model is an appropriate choice to characterize the uncer-
tainty in real-world situations [14]. Robust optimization (RO)
deals with problems with interval uncertainties [15]. Numerous
RO approaches have been developed as reviewed in Ref. [15]. In
Refs. [16,17], the worst-case RO formulation dealing with interval
uncertainty is proposed. Nevertheless, RO will obtain a conserva-
tive solution if it treats the available stochastic uncertainty the
same way as interval uncertainty. Therefore, it is necessary to
consider the mixed probabilistic and interval uncertainties concur-
rently in structural design problems, and quite a number of
approaches handling this type of problems are proposed, e.g., see
Refs. [14,18–21].

Most of the existing approaches dealing with mixed probabilis-
tic and interval uncertainties are formulated under the frame of
RBDO, thus they only consider the reliability bounds or the
worst-case reliability of the performance function resulted from
the interval uncertainty. In fact, the existence of interval uncer-
tainty also results in a bounded mean objective value as concerned
in the RO formulation, and taking into consideration of the mean
objective variation will ensure the performance consistency of the
structural system.

In this paper, a novel optimization structure is proposed that
makes the best use of the available information to determine
the worst-case reliability (and the reliability bounds if neces-
sary) and also takes the mean objective variation into consider-
ation. Since the probabilistic and interval uncertainties follow
totally different distributions, they should be treated separately
during the optimization procedure. The efficient single-looped
RO algorithm proposed in Ref. [22] is utilized to solve for the
worst-case parameter, and then, the MPFP is determined based
on FORM. Finally, the formulated problem can be solved
using SQP. Although only the worst-case reliability is calcu-
lated in the proposed formulation, the reliability bounds can
also be obtained with the easy implantation of the proposed
approach. The computational efficiency has been improved sig-
nificantly based on the observation on the results from this
work. The focus of the present paper is the application of the
Utopian solution to determine the worst-case parameter varia-
tions for interval uncertainties and also consideration of the
objective robustness under the mixture of probabilistic and
interval uncertainties.

2 Reliability Analysis Under Mixed Probabilistic and
Interval Uncertainties

The formulation of reliability-based design optimization
(RBDO) problem with mixed probabilistic and interval uncertain-
ties is shown in the following equation:

min hðd; lX;YÞ
s:t: Prfgjðd;X;YÞ � 0g � Rj; j ¼ 1; 2; :::; J

(1)

where d is the vector of design variables, X is the vector of ran-
dom variables with mean values lX, Y is the vector of variables

1Corresponding author.
Contributed by the Design Automation Committee of ASME for publication in

the JOURNAL OF MECHANICAL DESIGN. Manuscript received February 17, 2016; final
manuscript received July 26, 2016; published online September 12, 2016. Assoc.
Editor: Zissimos P. Mourelatos.

Journal of Mechanical Design NOVEMBER 2016, Vol. 138 / 114501-1CopyrightVC 2016 by ASME

Page 166



Proceedings of the 12th International Conference on Frontiers of Design and Manufacturing 
Aug 10~12, 2016, Shenyang, China

Robust Dimensional Tolerance Design Optimization for Compression Ratio of Engines
for Reduction of Engine Variations

Jianhua Zhou1, Jizhou Zhang2, Mian Li1,2, Guangren Zhang1, Min Xu1*

1School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China
2UM-SJTU Joint Institute, Shanghai Jiao Tong University, Shanghai 200240, China

*E-mail: mxu@ sjtu.edu.cn

Abstract: One of the major causes of engine variations is the
part-to-part variation during manufacturing, and the 
measurement of this part-to-part variation is the tolerance. The 
compression ratio is one of the most important factors that will 
affect the engine performances. Variations in the compression 
ratio will lead to performance fluctuations for an engine, as can 
be verified from the experiment results. Few research works
investigates the effects of tolerances on the compression ratio. In 
this paper, a tolerance design optimization problem that 
considers both critical and some of the non-critical dimensions 
affecting the compression ratio is formulated and optimized,
which also takes into consideration of the measurement 
uncertainties. Results show that critical dimensions should be 
shrunken and non-critical dimensions could be expanded to 
alleviate engine variations, also the uncertainties indeed will 
affect the tolerance design results.  

Keywords: tolerance design optimization, robust optimization, 
engine variations

1. Introduction 
Conventional engine design and calibration are under the 
assumption that all engines manufactured and assembled 
from the same production line are made exactly to the 
prints, which is obviously not the real case. Part-to-part 
variations do exist in engines of the same model, which 
will lead to performance variations and have not been 
taken into account seriously and sufficiently. Thus it is 
important to find out the root causes and major factors of 
the variations and supress these variations.

The compression ratio, as one of the most important 
design variables for an engine, has a significant 
contribution to the engine performance, and its variations
will affect the dynamic property, fuel economy and 
reliability of the engines. In [1], the relationship between 
the compression ratio and the performance of the engine is 
studied based on theoretical studies and simulation. In [2], 
the influence of the compression ratio on the combustion 
and emission characteristics of the direct injection natural 
gas (NG-DI) engine has been studied, with comparisons 
on the engine performance when the compression ratios 
are 8, 10, 12, and 14. In [3], the influence of the 
compression ratio on the combustion characteristics of the
homogeneous charge compression ignition engine when 
the compression ratios are 10.7 and 14 has been 
investigated. In [4], the research on the influence of the 
compression ratio and the octane rating on the combustion 
characteristic of the gasoline direct injection engine is 
conducted. 

All the research work above investigates the 
relationship between the performance of the engine and 

the compression ratio, but seldom pay attention to the 
influence of the variations of the compression ratio which 
is directly caused by the variation of component 
dimensions, namely, the tolerances. In general, tolerance 
design is based on traditions, standards or just experiences 
of the mechanical/design engineers, and will affect the 
choices of manufacturing equipment and processes as well 
as the manufacturing precision. Thus tolerance should be 
designed considering its effects on the system 
performance.

In [5], Genetic Algorithm is implemented to optimize 
the critical dimensions which affect the compression ratio 
of the engine in order to reduce the variation of the 
compression ratio. Non-critical dimensions were not 
considered. 

In this paper, a tolerance design optimization problem 
considering the top five non-critical dimensions together 
with the critical dimensions is formulated. 

What is more, with the growing complexity of 
mechanical systems, the optimization of mechanical 
design faces more and more challenges nowadays. One of 
the challenges is caused by the uncertainty of the 
parameters or design variables. The uncertainty of the 
parameters will make the feasible solutions infeasible or 
even severely affect the performance of the mechanical 
systems. In this regard, it is necessary to apply Robust 
Optimization (RO) to find the optimal solutions which are 
insensitive to uncertainties [6]. Compared with 
deterministic optimization, robust optimization takes 
uncertainties into consideration and the intent is to find 
solutions that are not only optimal but also insensitive to 
uncertainties no matter how the solutions vary within the 
uncertainty intervals, which means the constraints are 
always satisfied and the variation of the objective stays 
within the allowed range. 

In this paper, robust tolerance design formulation is 
also proposed and solved using robust optimization 
strategies proposed in [7]. Results show that the existence 
of uncertainties indeed will affect the tolerance and should 
be considered in tolerance design optimization.

The rest of the paper is organized as follows. Section 2 
describes the background of this research. Section 3 
provides the detailed solution and results analysis, 
followed by the conclusion in Section 4. 

2. Background
In this section, the background of this research is provided. 
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INTRODUCTION
The internal combustion engine (ICE) is a complex nonlinear 
multidisciplinary system, which requires the support of precision 
design and manufacturing. The development of precision design and 
manufacturing of ICEs contribute a lot to the improvement of engine 
performance, such as fuel consumption ef ciency and emission 
reduction. In this case, a small change in the dimensions of key 
components may have great impacts on the cost and system 
performance of ICEs. Thus more strict requirements have been 
imposed on tolerance design.

Tolerance design is the process of determining the machining 
tolerances and manufacturing precision of the corresponding 
components during the detailed design stage of a system. If the 
tolerance is set at relatively large values, although this would make 
the manufacturing procedure easier, it will lead to the degradation of 
assembling and performance, large uctuations of system 
performance, and decrease of system reliability, thus failing to meet 
the expected targets. On the other hand, if tolerances are set too tight, 
it will lead to the increase of manufacturing costs and rejection rates. 
From this insight, if tolerances of those dimensions which have little 
or small effects on the system performance could be released to some 
extent while tolerances of those dimensions which have larger effects 
are shrunk reasonably, the manufacturing cost will decrease and the 
system performance will be improved simultaneously. As a result, 
how to determine critical and non-critical tolerances and then how to 
differentiate tolerance designs are very important to improve the 
system performance.

Traditional tolerance design is mainly based on the designers’ 
experiences, or determined by the manufacturing precision of the 
machines available, or just based on the standards. Thus for the 
traditional methods, the tolerances are not determined systematically 
and globally considering the effects that the tolerances may have on 
the system performances. Besides, although the designers of a certain 
component do not have a comprehensive understanding of the 
relationship between the tolerances and the system performance, their 
design experiences take dominant roles in the tolerance decisions, 
which will result in unreasonable designing of manufacturing 
processes and wasting of limited resources. eanwhile, it is dif cult 
for the system designers to determine the tolerance distributions from 
the large number of corresponding dimensions purely based on 
experience. Although existing dimension and tolerance design 
optimization methods can determine the tolerance distributions for a 
certain dimension chain or for a simple subsystem, there are rare 
studies on tolerance design for a system based on optimization. This 
is because that the effects of tolerances at the system level are not 
easy to be measured or estimated, and as more and more components 
are considered, the tolerance assignments become much more 
complex. The tolerance design problem can be considered as a 
complex multi-disciplinary optimization problem. As a result, this 
work focuses on the application of multi-disciplinary optimization 
methods on the tolerance design of a gas engine based on simulation 
and experimental data.

There are quite a few researches on how to improve the system 
performance and to decrease manufacturing costs considering 
tolerance for ICEs [1, 2, 3, 4]. However, there are few studies on how 

Multi-Disciplinary Tolerance Optimization for Internal Combustion Engines 
Using Gaussian Process and Sequential MDO Method
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ABSTRACT
The internal combustion engine (ICE) is a typical complex multidisciplinary system which requires the support of precision design and 
manufacturing. To achieve a better performance of ICEs, tolerance assignment, or tolerance design, plays an important role. A novel 
multi-disciplinary tolerance design optimization problem considering two important disciplines of ICEs, the compression ratio and 
friction loss, is proposed and solved in this work, which provides a systematic procedure for the optimal determination of tolerances 
and overcomes the disadvantages of the traditional experience-based tolerance design. A bi-disciplinary analysis model is developed in 
this work to assist the problem solving, within which a model between the friction loss and tolerance is built based on the Gaussian 
Process using the corresponding simulation and experimental data. In addition, the formulation of the compression ratio considering 
those non-critical dimensions which actually affect the friction loss is proposed. Finally the multi-disciplinary tolerance design 
optimization problem is formulated and solved using a recently developed sequential MDO (S-MDO) method.
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Abstract—Class E rectifier is suitable for high-frequency rec-
tification due to its soft-switching operation, which potentially
improves the efficiency of wireless power transfer (WPT) systems
working at MHz. In this paper, a robust optimization design
is discussed for a 6.78-MHz WPT system using the Class E
rectifier. In real WPT applications, the parameter variations
are possible to be originated from the misalignment of coils,
the change of load, and the varying equivalent resistance of
rectifying diode under different power level. In this case, a
robust optimization problem is formulated to find a solution of
system design variables that is both optimal and insensitive to
uncertainty of parameters. A genetic-based inner-outer algorithm
is applied to solve this problem, where an explicit trade-off among
efficiency and robustness is demonstrated in the optimization
results. In the final experiments, the analytical results are proved
to well match the experimental results. Compared with the
WPT system using the conventional design, the proposed robust
optimization can achieve an improved design with high efficiency,
which is also robust against the variations of working conditions.

I. INTRODUCTION

Wireless power transfer (WPT) at megahertz (MHz) is now

being considered a promising candidate for the mid-range

transfer of a medium amount of power [1], [2]. It is because

generally a higher operating frequency (such as 6.78 and 13.56

MHz) is desirable for a more compact and lighter WPT system

with a longer transfer distance. Lots of researches have been

done on the design and optimization of WPT systems both at

component and system levels, including the improvements on

coupling coils [3]–[6], power amplifier (PA) [7], [8], and load

control [9], [10].

Due to soft-switching operation, the Class E rectifier is

a promising candidate for high frequency rectifications. The

application of the Class E rectifier in WPT system was first

investigated at an operating frequency of 800 KHz and an

efficiency of 94.43% was reported in [11]. A state-space-

based analysis of the class E2 converter for WPT is presented

in [12]. In the aforementioned applications of Class E rectifier

in WPT systems, the resonant coils and rectifier are discussed

separately, where the resonance between coils is empirically

designed without consideration of the rectifier impedance.

However, the appearance of the input reactance of rectifier

cannot be neglected because it would detune the coupling coils

from the resonance especially when the working frequency

is as high as MHz. Meanwhile, in real WPT applications,

the variations of working conditions are commonly existed,

including the misalignment of coupling coils, the change of

DC load, and the varying equivalent resistance of diode under

different power level. Instead of addressing the peak efficiency

for power transmission, a compromised design with relatively

stable performance may be more desirable in consideration of

all the unpredictable variations of working conditions, namely

the robust optimization design.

Therefore, this paper devotes to the analysis and robust op-

timization of a 6.78-MHz WPT system with a Class E current-

driven rectifier against the varying working condition. Firstly,

the input impedance of the Class E rectifier is analytically

derived considering the on-resistance of the rectifying diode,

its forward voltage drop, and the equivalent series resistance

(ESR) of the filter inductor. Then the efficiency of the overall

WPT system including coupling coils and rectifier is further

formulated based on the input impedance of the Class E

rectifier. Using the analytical formulation of system efficiency,

the robust optimization design for the MHz WPT is provided

considering the variations of mutual inductance coefficient,

load resistance, and the equivalent parasitic resistance of the

diode. The theoretical design is finally validated in experiment

by using a 6.78-MHz wireless power transfer system. The

experimental results shows that the WPT system using the

proposed robust optimization can achieve the higher robustness

than that of the conventional design under the varying work

conditions.

II. MODELING AND ANALYSIS

The entire configuration of a 6.78-MHz WPT system is

demonstrated in Fig. 1, including a power amplifier, coupling

coil, and Class E rectifier. In this circuit, the power amplifier

are regarded as a 6.78 MHz power source. The efficiency of

the overall system is formulated analytically through circuit

analysis of coupling coils and rectifier, considering the power

loss in the self-resistances of coupling coils, on-resistance of

the rectifying diode, and equivalent series resistance (ESR)

of the filter inductor. The variations of system model are

further defined as interval-based uncertainties for robustness

analysis, in corresponds to the misalignment of coupling coils,

the changing of load together with the varying equivalent

resistance of rectifying diode.
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Abstract—A decentralized charging control of a multiple-
receiver wireless power transfer (WPT) system is proposed
and discusses in this paper. Different from charging battery
alone systems through WPT technology, using an additional
ultracapacitor (UC) combined with the battery alone system
could both achieve the power requirement and a high efficiency.
Then the charging control problem is converted into a two-stage
Stackelberg game with the transmitter, receivers, and loads as
players. The objectives of the receivers are to maintain the voltage
of the UC pack while the objectives of the loads are to be charged
at their preferred charging power. In the first stage, a Stackelberg
and a Nash equilibrium are found between the transmitter and
receivers. While, in the second stage, an another Stackelberg
equilibrium is found between the receivers and the loads. At each
control instant, the equilibriums are reached through learning
algorithm with KarushKuhnTucker conditions. The simulation
results show that the game theoretic approach gives a flexible
and efficient performance.

Index Terms—Wireless power transfer, game theory, ultraca-
pacitor semi-active topology

I. INTRODUCTION

Thanks to the rising interests of the clean energy and

the concerns of the global warming, batteries, especially the

lithium batteries, are becoming more and more popular in

daily life. In order to overcome the disadvantages of the

batteries, i.e., short cycle life and low power density, the

combination of the batteries and ultracapacitors (UCs), i.e., the

battery-UC hybrid energy storage systems (HESSs) have been

widely studied [1]–[3]. UCs have been discussed for over two

decades and now they have already been applied in personal

electronics, e.g., cell phones [4]. Therefore, in a medium

power (i.e., 10 W to 40 W .) wireless power transfer (WPT)

system, the UCs can be treated as an energy buffer to realize

fast charging rather than the traditional energy suppliers. This

novel application for both UCs and battery-UC HESSs is

analysed and discussed in this paper.

In a WPT system, the load is always an energy storage

system while the battery alone system is the most commonly

used one. However, problems exist in this system that the WPT

system can not both work at the most efficiency power level

and satisfy the charging power requirement of the battery alone

system because these two power levels may be quite different.

The most common solution of this problem is to redesign the

WPT system with the specific load power level. However, this

solution allows only one specific power level for the load and

lacks flexibility. On the other hand, using UC-battery HESS

replacing the battery-alone system could be a better solution

to satisfy both the high efficiency and the power requirement

without redesigning the WPT system. The WPT system could

remain turned on and work at the maximum efficiency point

to charge the UCs while the batteries are charged from the

UCs with their satisfied power level. The difference of the

power level between their satisfied power level and transmitter

power level can be absorbed by the UCs while the WPT system

can be turned off when the energy level of the UCs is high

enough. Besides charging a single receiver, the WPT system

could supply energy to other receivers during the turn-off time.

Through a so called time-division based charging strategy [5],

multiple energy storage system can be charged simultaneously

in a virtual manner. Therefore, a high overall efficiency and

power requirement can be met with multiple-receiver WPT

systems. Such time-division based control is discussed and

applied in this paper.

As discussed in previous paragraph, control strategies play

an essential role in the power distribution among the multiple-

receivers in a WPT system. [6] discusses the ideal efficiency

distribution for a multiple-receiver WPT system. However, a

real-time control is still required for a real-world application.

A time division based control is applied in a multiple-receiver

WPT system using UCs [5]. The above discussions focus on

a static case while these receivers may arrive or depart the

system at any time. The charging control strategies discussed

previously are all centralized controls which can not deal with

these unpredictable cases. On the other hand, for similar rea-
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Abstract
This study investigates the vibration of rotating elastic rings that are dynamically excited by an arbitrary

number of periodically fluctuating, space-fixed, discrete stiffnesses. The rotating ring is modeled using ex-

tensible thin-ring theory with elastic radial and tangential deformations. Primary and combination instability

regions are determined in closed-form using the method of multiple scales. The system’s natural frequen-

cies and vibration modes are determined by discretizing the governing equations using Galerkin’s method.

Results are demonstrated for compliant gear applications. The perturbation results are validated by direct

numerical integration and Floquet theory.

1 Introduction

Gears typically used in commercial aerospace applications are designed to be thin to reduce size and weight.

Elastic vibrations are prominent in these gears because they are operated at large loads and high rotation

speeds. Gear elastic vibrations are experimentally found by Talbert and Gockel [1]. Excitation comes from

the periodically fluctuating mesh stiffness. When the fluctuation frequency is near particularly combinations

of the natural frequencies, resonance and large dynamic response occurs, leading to large dynamic loads

and structural failure [2], as well as noise. Lightweight gears that have elastic deformations can be modeled

as elastic rings. The vibration of spinning, elastic rings has been intensively investigated in literature [3–

7]. The parametric instabilities due to the time-varying stiffnesses has been investigated in Refs. [8–10].

Cooley and Parker [11] investigated the vibration of rotating elastic rings coupled to space-fixed discrete

stiffnesses. The response of this system to periodic fluctuations of the discrete stiffnesses has not been

addressed. In this study, the parametric instabilities of spinning rings to periodically fluctuating discrete

stiffnesses is investigated. The instability regions are derived in closed-form using the method of multiple

scales. Unbounded response occurs when the excitation frequency lies in any of these instability regions,

although in practical systems nonlinearity limits the system to large, finite vibration. The validity of the

perturbation results are determined by comparison to numerical integrations and the Floquet theory. Results

are demonstrated for compliant gears used in aircraft engine applications.
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ABSTRACT  
Recent studies have demonstrated that the aerothermal 

characteristics of turbine rotor blade tip under a transonic 
condition are qualitatively different from those under a low 
speed subsonic condition. The cooling injection adds further
complexity to the Over-Tip-Leakage (OTL) transonic flow 
behavior and aerothermal performance, particularly for 
commonly studied shroudless tip configurations such as a 
squealer tip. However there has been no published experimental 
study of a cooled transonic squealer. The present study 
investigates the effect of cooling injection on a transonic 
squealer through a closely combined experimental and CFD 
effort. Part 1 of this two-part paper presents the first of the kind
tip cooling experimental data obtained in a transonic linear 
cascade environment (exit Mach number 0.95). Transient 
thermal measurements are carried out for an uncooled squealer 
tip, and six cooling configurations with different locations and 
numbers of discrete holes. High resolution distributions of heat 
transfer coefficient and cooling effectiveness are obtained. 
ANSYS Fluent is employed to perform numerical simulations 
for all the experimental cases. The mesh and turbulence 
modeling dependence is first evaluated before further 
computational studies are carried out. Both the experimental 
and computational results consistently illustrate strong 
interactions between the OTL flow and cooling injection. When
the cooling injection (even with a relatively small amount) is
introduced, distinctive series of stripes in surface heat transfer 
coefficient are observed with an opposite trend in the chordwise
variations on the squealer cavity floor and on the suction 
surafce rim. Both experimental and CFD results have also 
consistently shown interesting signatures of the strong OTL
flow–cooling interactions in terms of the net heat flux reduction
distribution in areas seemingly unreachable by the coolant. 
Further examinations and analyses of the related flow physics 

and underlining vortical flow structures will be presented in 
Part 2.  

1. INTRODUCTION  
The rotor blade tip is the most vulnerable part in high 

pressure (HP) turbine. In addition to being a major contributor 
to the loss of turbine efficiency, the Over-Tip-Leakage (OTL) 
flow introduces very high thermal load to the tip and casing. 
The tip cooling design has always been a challenging task due 
to the complex OTL flow behavior and its interaction with 
cooling injection. 

Researches on the blade tip heat transfer have been carried
out extensively in the past three decades. A thorough review 
was provided by Bunker [1] about fifteen years ago. More 
understanding has been gained through the recent research 
efforts gradually moving from simplified low-speed condition 
to more engine-realistic high-speed environment. 

The early work by Mayle and Metzger [2] measured the 
averaged heat transfer coefficient on a modelled flat tip in a low 
speed condition. They also established the wisdom of pressure 
driven mechanism for the tip gap flow. Bunker et al. [3]
reported “central sweet spot” of low heat transfer within the 
thickest portion of the tip in their experiments (Mexit=0.75). A
complementary study by Ameri and Bunker [4] showed good
comparison between the experimental data and the numerical 
results using a radius edge tip model. In a low speed condition, 
Newton et al. [5] and Krishnababu et al. [6] showed that the 
maximum heat transfer coefficient occurs on the flow 
reattachment region near the pressure side rim.

The aerothermal behavior of the squealer tip has been 
widely studied, mostly under subsonic conditions. The effect of 
cavity depth was presented by Metzger et al. [7], Chyu et al. 
[8], and Bunker and Bailey [9]. They all found that increasing 
the cavity depth reduces the heat transfer on the cavity floor. 
The effects of tip gap height, squealer geometry arrangement on
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ABSTRACT 

A basic attribute for turbine blade film cooling is that 
coolant injected should be largely passively convected by the 
local base flow. However the effective working of the 
conventional wisdom may be compromised when the cooling 
injection strongly interacts with the base flow. Rotor blade tip 
of a transonic high-pressure (HP) turbine is one of such 
challenging regions for which basic understanding of the 
relevant aerothermal behavior as a basis for effective heat 
transfer/cooling design is lacking. The need to increase our 
understanding and predictability for high speed transonic blade 
tip has been underlined by some recent findings that tip heat 
transfer characteristics in a transonic flow are qualitatively 
different from those at a low speed. Although there have been
extensive studies previously on squealer blade tip cooling, there 
have been no published experimental studies under a transonic 
flow condition.

The present study investigates the effect of cooling 
injection on a transonic squealer tip through a closely combined 
experimental and CFD effort. The experimental and 
computational results as presented in Part 1 have consistently 
revealed some distinctive aerothermal signatures of the strong 
coolant-base flow interactions. In this paper as Part 2, detailed 
analyses using the validated CFD solutions are conducted to 
identify, analyze and understand the causal links between the 
aerothermal signatures and the driving flow structures and 
physical mechanisms.       

It is shown that the interactions between the coolant 
injection and the base Over-Tip Leakage (OTL) flow in the 
squealer tip region are much stronger in the frontal subsonic 
region than the rear transonic region. The dominant vortical 
flow structure is a counter-rotating vortex pair (CRVP) 
associated with each discrete cooling injection. High HTC 
stripes on the cavity floor are directly linked to the 
impingement heat transfer augmentation associated with one 

leg of the CRVP, which is considerably enhanced by the near-
floor fluid movement driven by the overall pressure gradient 
along the camber line. The strength of the coolant-base flow 
interaction as signified by the augmented values of the HTC 
stripes is seen to correlate to the interplay and balance between 
the OTL flow and the CRVP structure. As such, for the frontal 
subsonic part of the cavity, there is a prevailing spanwise 
inward flow initiated by the CRVP, which has profoundly 
changed the local base flow, leading to high HTC stripes on the 
cavity floor. On the other hand, for the rear high speed part, the 
high inertia of the OTL flow dominates, thus the vortical flow 
disturbances associated with the CRVP are largely passively 
convected, leaving clear signatures on the top surface of the 
suction surface rim. A further interesting side-effect of the 
strong interaction in the frontal subsonic region is that there is 
considerable net heat flux reduction in an area seemingly 
unreachable by the injected coolant. The present results have 
confirmed that this is due to the large reduction in the local 
HTC as a consequence of the upstream propagated impact of 
the strong coolant-base flow interactions.      

1. INTRODUCTION  

In the development of new-generation gas turbine engines, 
the turbine inlet temperature keeps increasing to pursue higher 
efficiency. Advanced cooling technologies are crucial to ensure 
the survival of turbine blades in the extremely hot environment. 
Among all the surfaces of the high-pressure (HP) turbine blade, 
the tip region has the highest thermal load (Bogard and Thole 
[1]). The primary objective of tip cooling is to reduce surface 
heat flux with minimal coolant consumption while maintaining 
the aerodynamic efficiency, and most blade tip cooling are 
achieved through experience (Bunker [2]).

Most of the tip cooling studies have been conducted at 
low-speed or high subsonic flow conditions. Thermal 
performance has been the main focus of these studies. Kwak 
and Han [3, 4] found that higher blowing ratio produces lower 
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ABSTRACT 
It has been recognized by previous experiments that 

substantial heat transfer augmentation can be achieved by 
adding ribbed turbulators after jet impingement in a cross flow. 
This study investigates the fundamental working mechanism in 
a typical turbulent channel flow. Conjugate CFD simulations 
were carried out for ribs, jet impingement, and their 
combinations. The flow characteristics and drawbacks for the 
two individual enhancement techniques are highlighted. Further 
analysis on the coupling design reveals that the counter-rotating 
vortices generated by the jet flow can energize the inter-rib 
recirculating vortices and promote the span-wise convection. 
With an optimal combination design, extra heat transfer benefit 
could be achieved beyond the simple superposition of rib and 
jet impingement techniques. This general thermal design 
philosophy is useful for design optimization in practice and has 
also been confirmed by published experimental data.  

 
INTRODUCTION  

In today’s advanced gas turbine engine, many heat transfer 
enhancement technologies have been applied to the hot 
components, including ribs, pin fins, dimples, jet impingement, 
and film cooling, etc. [1-5]. To achieve the maximum cooling 
performance, combinations of different techniques are often 
applied to the components which experience extremely high 
thermal load, such as combustor liner and HP turbine blade [2, 
4, 6]. The general design philosophy is to promote the turbulent 
mixing and break the local thermal boundary layer. With many 

well-established conventional wisdoms in the past heat transfer 
research, to break the plateau in the existing cooling 
technology, it requires in-depth understanding of the detailed 
flow physics associated with some of the combination designs. 

Rib turbulators were found to be able to effectively reduce 
the thermal resistance by removing the near-wall viscous sub-
layer. Rau et al. [7] experimentally studied the flow structures 
inside a ribbed straight channel and illustrated the existence of 
flow separation, reattachment as well as corner vortices. There 
have been many efforts on how to optimize the performance of 
ribs. Han [8] revealed that, the channel aspect ratio, the rib 
geometry and the flow Reynolds number dominated the heat 
transfer benefit of ribs. Han et al. [9] tested ribs with different 
angles of attack and concluded that placing ribs in an inclined 
angle (30-45 degree) against the cross flow could improve heat 
transfer and decrease pressure loss compared to the transverse 
arrangement. Han and Zhang [10] further introduced the broken 
V-shaped ribs and demonstrated superior heat transfer 
performance to other continuous ribs. Similar rib configurations 
were utilized by Ekkad and Han [11] as well. Such 
improvement was due to the introduction of secondary flow by 
the oblique ribs, as explained by Kim et al. [12]. Gao and 
Sundén [13] and Jia et al. [14] studied V-shaped ribs and 
associated the span-wise variation of heat transfer enhancement 
with the secondary flow motion, which essentially has been the 
main strategy to improve rib turbulator performance in the past 
years.

Jet impingement, as another widely used technique, is 
capable of boosting local heat transfer significantly by 
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ABSTRACT

A major challenge in computed tomography (CT) is to reduce

X-ray dose to a low or even ultra-low level while maintain-

ing the high quality of reconstructed images. We propose a

new method for CT reconstruction that combines penalized

weighted-least squares reconstruction (PWLS) with regular-

ization based on a sparsifying transform (PWLS-ST) learned

from a dataset of numerous CT images. We adopt an alternat-

ing algorithm to optimize the PWLS-ST cost function that al-

ternates between a CT image update step and a sparse coding

step. We adopt a relaxed linearized augmented Lagrangian

method with ordered-subsets (relaxed OS-LALM) to accel-

erate the CT image update step by reducing the number of

forward and backward projections. Numerical experiments

on the XCAT phantom show that for low dose levels, the pro-

posed PWLS-ST method dramatically improves the quality of

reconstructed images compared to PWLS reconstruction with

a nonadaptive edge-preserving regularizer (PWLS-EP).

Index Terms— Low dose CT, Sparsifying transform

learning, Statistical image reconstruction, Sparse representa-

tion, Dictionary learning

1. INTRODUCTION

A major challenge in computed tomography (CT) is to re-

duce X-ray dose to a low or even ultra-low level while main-

taining the high quality of reconstructed images. Low dose

CT (LDCT) scans that still provide good image quality could

significantly improve the benefits of CT scans and open up

numerous entirely new clinical applications.

Currently, most commercial CT scanners use a technique

called filtered back-projection (FBP) for image reconstruc-

tion. FBP requires undesirably high doses of radiation to

produce high-quality diagnostic images. Model-based image

reconstruction (MBIR) methods, also known as statistical

This work was supported in part by SJTU-UM Collaborative

Research Program, NSFC (61501292), Shanghai Pujiang Talent

Program (15PJ1403900), NIH grant U01 EB018753, ONR grant
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and ARO MURI grants W911NF-11-1-0391 and 2015-05174-05.

*Yong Long (email: yong.long@sjtu.edu.cn).

image reconstruction methods, produce high-quality and ac-

curate images, while reducing patient radiation exposure.

Weighted-least squares (WLS) estimation is commonly used

for CT [1]. WLS estimation with proper weighting that gives

less weight to measurements that are noisier and more weight

to the more reliable data reduces noise in the reconstructed

image. Penalized weighted-least squares (PWLS) reconstruc-

tion with added regularization based on prior knowledge of

the underlying unknown object improves image quality in

LDCT reconstruction [2]. Thus, MBIR with better image

priors is a promising way to develop improved reconstruction

methods for achieving high quality LDCT imaging.

Prior information extracted from big datasets of CT im-

ages could potentially enable dramatic improvements in im-

age reconstruction from LDCT measurements. It is well

known that natural signals are sparse in certain transform

domains, such as wavelets and discrete gradient domain. A

sparsifying transform (ST) converts signals into these do-

mains where they can be represented using a few non-zero

coefficients. Ravishankar and Bresler [3, 4] proposed a gener-

alized analysis dictionary learning method, called transform

learning, to efficiently find sparse representations of data. The

transform learning method avoids optimization of highly non-

convex or NP-hard cost functions involved in both synthesis

[5, 6] and previous analysis [7] dictionary learning methods,

and shows promising performance and speed-ups over the

popular synthesis K-SVD [6] algorithm in applications such

as image denoising.

Xu et al. [8] first applied dictionary learning to CT im-

age reconstruction by proposing a PWLS approach with reg-

ularization based on a redundant synthesis dictionary. Their

method uses a global dictionary trained from image patches

extracted from one normal-dose FBP image, or an adaptive

dictionary jointly estimated with the low-dose image. Pfis-

ter and Bresler [2, 9] proposed a model-based iterative re-

construction method with adaptive sparsifying transforms to

jointly estimate the ST and the image, showing the promise

of PWLS reconstruction with ST regularization. Existing CT

image reconstruction methods based on dictionary/transform

learning have two common downsides. Firstly, the dictionary

is often learned from a very small number of prior images or

from the current measurements themselves, which does not
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Purpose: Dual-energy CT (DECT) enhances tissue characterization because of its basis material 

decomposition capability. In addition to conventional two-material decomposition from DECT 

measurements, multi-material decomposition (MMD) is required in many clinical applications. To solve 

the ill-posed problem of reconstructing multiple-material images from dual-energy measurements, 

additional constraints are incorporated into the formulation, including volume and mass conservation and 

the assumptions that at most three materials in each pixel and various material types among pixels. The 
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Modeling Mixed Poisson-Gaussian Noise in
Statistical Image Reconstruction for X-Ray CT

Qiaoqiao Ding, Yong Long, Xiaoqun Zhang and Jeffrey A. Fessler

Abstract—Statistical image reconstruction (SIR) methods for
X-ray CT improve the ability to produce high-quality and
accurate images, while greatly reducing patient exposure to
radiation. The challenge with further dose reduction to an ultra-
low level by lowering the X-ray tube current is photon starvation
and electronic noise starts to dominate. This introduces negative
or zero values into the raw data and consequently causes artifacts
in the reconstructed CT images with current SIR methods based
on log data. At ultra-low photon counts, the CT detector signal
deviates significantly from Poisson or shifted Poisson statistics
for the pre-log data and from Gaussian statistics for post-log
data. This paper proposes a novel SIR method called MPG
(mixed Poisson-Gaussian). It models the raw noisy measurements
using a mixed Poisson-Gaussian distribution that accounts for
the electronic noise. The MPG method is able to directly use
the negative and zero values in the raw data without any
pre-processing. We adopt the reweighted least square method
to develop a tractable likelihood function that can be easily
incorporated into SIR reconstruction framework. To minimize
the MPG cost function containing the likelihood function and
an edge-preserving regularization term, we use an Alternating
Direction Method of Multipliers (ADMM) that divides the o-
riginal optimization problem into several sub-problems that are
easier to solve. Our results on 3D simulated cone-beam data set
indicate that the proposed MPG method reduces noise in the
reconstructed images comparing with the conventional FBP and
statistical penalized weighted least-square (PWLS) method for
ultra-low dose CT (ULDCT) imaging.

I. INTRODUCTION

X-Ray Computed Tomography (CT) provides high-

resolution images of anatomical structures for diagnosis and

management of human diseases and disorders. For example,

CT has had a tremendous impact on cancer. Studies have

suggested that current CT usage may be responsible for 1.5%-

2% of all cancers in the U.S. [1]. Significantly lowering

radiation dosages from CT has become a growing concern

both in the public and professional societies. Ultra-low dose

CT (ULDCT) scans that still provide suitable image quality

could shift CT scans further to the benefit side and open up

numerous entirely new clinical applications.
CT image reconstruction method improvements that could

realistically and significantly reduce patient radiation expo-

sure while maintaining high image quality is an important

Q. Ding (e-mail: dingqiaoqiao@sjtu.edu.cn) and X. Zhang (e-mail:
xqzhang@sjtu.edu.cn) are with School of Mathematical Sciences and Institute
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area of research to achieve low dose CT imaging. Statistical

image reconstruction (SIR) methods [2] improve the ability

to produce high-quality and accurate images, while greatly

reducing patient exposure to radiation. The challenge with

further dose reduction to an ultra-low level by reducing the

number of projection views is the aliasing artifacts due to

under-sampled sinograms when the number of views is too

small [3]. An alternative approach is to lower the X-ray tube

current, but this causes photon starvation and electronic noise

starts to denominate [4]. This approach introduces negative or

zero values into the raw data and consequently causes artifacts

in the reconstructed CT images with current data processing

methods [5] based on log sinogram data.

The measurement statistical models in most SIR methods

assume standard or shifted Poisson statistics for the pre-log

data or Gaussian distributions for the post-log data. At ultra-

low photon counts, the CT measurements deviate significantly

from Poisson or Gaussian statistics. For ULDCT imaging the

logarithm simply cannot be used because the raw data have

negative or zero values due to the electronic noise in the

data acquisition systems (DAS). In [6], the authors substituted

the non-positive measurements with a small positive value.

Poisson distribution models the number of events which should

be non-negative. The shifted Poisson model adds a positive

value associated with the variance of electronic noise to the

raw data, but the shifted raw data may still be negative or zero

for ULDCT imaging. Compound Poisson (CP) distribution [7],

[8] that accounts for the polyenergetic X-rays and Poisson light

statistics in the scintillator of energy-integrating detector has

the potential to accurately model the measurement statistics

in ULDCT imaging. However, CP model has a complicated

likelihood that impedes direct use in SIR methods and elec-

tronic readout noise leads to a distribution that is even more

complicated than a CP model.

This paper proposes a new SIR method with a data-

fit term associated with the mixed Poisson-Gaussian (MPG)

distribution model for CT measurements [9], [10] and the

edge-preserving hyperbola regularization. The proposed MPG

method is able to directly process negative or zero val-

ued raw data that contain (some, albeit limited) information

about the scanned object. We solve the MPG optimation

problem using Alternating Direction Method of Multipliers

(ADMM, also known as split Bregman method [11]) and its

unconstrained subproblems using Conjugate Gradient (CG),

Broyden-Fletcher-Goldfarb-Shanno (BFGS).

This paper is organized as follows. Section II mathematical-

ly formulates the MPG method for X-ray CT reconstruction

as a Penalized-Likelihood (PL) cost function and solves it
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Abstract—Stochastic computing (SC) is an unconventional par-
adigm which performs computation on stochastic bit streams us-
ing ordinary digital circuits. In SC, a real number is encoded by a 
stochastic bit stream, where the value is the probability of ones in 
the stream. SC can perform complex arithmetic computation with 
simple circuits. It also has strong tolerance to bit flip errors. In a 
prior work, researchers have proposed a general design of stochas-
tic circuit and a synthesis method. However, the synthesis method 
cannot produce a circuit with minimal area. In this paper, we pro-
pose an improved synthesis method that applies a branch-and-
bound algorithm to search for the optimal minterm assignment. 
We also introduce a few techniques to speed up the synthesis pro-
cedure with only small quality loss. Experimental results showed 
that the new synthesis method produces smaller circuits. 

Keywords—stochastic computing; stochastic circuit synthesis; 
minterm assignment 

I.  INTRODUCTION 
Stochastic computing (SC) is an alternative to the conven-

tional computing paradigm based on binary radix encoding. In 
SC, digital circuits are still used to perform computation. How-
ever, their inputs are stochastic bit streams [1]. Each stochastic 
bit stream encodes a value equal to the probability of a 1 in the 
stream. For example, the stream  shown in Fig. 1 encodes the 
value 0.75. 

One major advantage of SC is that it allows complex arith-
metic computation to be realized by a very simple circuit. Fig. 1 
shows that arithmetic multiplication can be realized by an AND 
gate, since for an AND gate, the probability of obtaining a 1 in 
the output bit stream is equal to the product of the probabilities 
of obtaining a 1 in the input bit streams. 

Fig. 1. An AND gate performs multiplication on real values encoded by 
stochastic bit streams. 

Since all the bits in the stream have equal weight and a long 
bit stream is usually used to encode a value, a single bit flip oc-
curring anywhere in the bit stream only causes very small change 
to the encoded value. Therefore, SC is highly tolerant to bit flip 
errors [2]. 

Given its advantages of low hardware cost and strong error 
tolerance, SC has been used in a number of applications, includ-
ing image processing [3], decoding of modern error-correcting 
codes [4], and artificial neural networks [5]. 

In early days, various elementary computing units in SC 
were proposed, such as multiplier, scaled adder, divider, and 
squaring unit [6]. These units were designed manually and can 
only perform a limited types of computations. 

In order to apply SC to a broad range of target computations, 
several methods to synthesize stochastic circuits have been pro-
posed recently. The works [2,7,8] focused on synthesizing re-
configurable stochastic circuits. In [2], the authors proposed a 
method based on Bernstein polynomial expansion to synthesize 
combinational logic-based stochastic circuits. In [7] and [8], the 
authors studied the form of the computation realized by SC using 
sequential circuits and proposed methods to synthesize such de-
signs. The works [9 11] focused on synthesizing fixed stochas-
tic circuits, which take less area than reconfigurable ones. In [9], 
the authors demonstrated a fundamental relation between sto-
chastic circuits and spectral transform. Based on this, they pro-
posed a general approach to synthesize stochastic circuits. In 
[10], the authors found that different Boolean functions could 
compute the same arithmetic function in SC and proposed the 
concept of stochastic equivalence class. They proposed a method 
to search for the optimal Boolean function within an equivalence 
class. However, their method can only be applied to synthesize 
multi-linear polynomials. In [11], the authors introduced a gen-
eral combinational circuit for SC and analyzed its computation. 
They further proposed a method to synthesize low-cost fixed sto-
chastic circuit to realize a general polynomial. 

The study in [11] reveals that in SC, there are a large number 
of different Boolean functions that realize the same target arith-
metic function. Of course, the circuits for different Boolean 
functions have different costs. In previous work [11], a greedy 
method was used to find a circuit with low area cost. However, 
given the extremely large search space, the greedy strategy, alt-
hough very fast, may not give a minimal solution. In this work, 
we address this problem by applying a branch-and-bound-based 
algorithm to extensively search for a Boolean function that will 
lead to a circuit with low cost. Our approach constructs a func-
tion by iteratively adding cubes into the on-set of the Boolean 
function. The optimal set of cubes to be added is determined 
through the search process. To improve the runtime, we also in-
troduce a few speed-up techniques. 

In summary, the main contributions of our work are as fol-
lows. 

AND

A
B

1,1,0,1,0,1,1,1

1,1,0,0,1,0,1,0

1,1,0,0,0,0,1,0

b = 4/8

C

a = 6/8 c = 3/8
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ABSTRACT
Approximate computing is an emerging design paradigm

targeting at error-tolerant applications. It trades off accu-
racy for improvement in hardware cost and energy efficiency.
In this paper, we propose a novel approach for multi-level
approximate logic synthesis under error rate constraint. The
basic idea of our approach is to pick nodes in a Boolean net-
work and shrink them by approximating their factored-form
expressions. We propose two different algorithms to imple-
ment the basic idea. The first algorithm iteratively picks the
most effective node at present to shrink. Its drawback lies in
that it may need a large number of iterations. To overcome
this drawback, the second algorithm formulates a knapsack
problem to pick multiple nodes for shrinking simultaneously.
It is still iterative, but the number of iterations is greatly
reduced. We apply the two algorithms to MCNC bench-
marks and arithmetic circuits including adders and multi-
pliers. The experimental results demonstrated that our al-
gorithms perform better in area saving and are 1.7 and 5.9
times faster, respectively, compared with the state-of-the-art
approach.

CCS Concepts
•Hardware → Combinational synthesis;

Keywords
Logic synthesis, Approximate computing, Inexact circuit

1. INTRODUCTION
As the size of CMOS transistors reaches nano-scale, reduc-

ing the energy consumption has become a key issue in VLSI
design. One effective solution to this problem is to simplify
the circuit as much as possible so that it has less area, delay,
and power consumption. Meanwhile, many applications that
exhibit an inherent tolerance to errors in computation, such
as multimedia, signal processing, and data mining, become
more widely used with the prevalence of mobile computing
and embedded systems. Given this context, a novel comput-
ing paradigm called approximate computing was proposed,
which deliberately trades off accuracy for energy efficiency.
By allowing a small amount of error, the design space is sig-
nificantly enlarged, which may lead to much more energy-
efficient designs. Many studies have demonstrated the effec-
tiveness of this paradigm at different design levels ranging
from algorithms, architectures, to logic and transistors [1].
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At logic level, approximate computing seeks to derive a
circuit that not exactly but approximately implements the
target function. Many pioneering works in this area focused
on the manual design of approximate versions of arithmetic
circuits, such as adders [2, 3] and multipliers [4, 5]. In re-
cent years, approximate logic synthesis (ALS), which auto-
matically synthesizes an approximate circuit for a specified
Boolean function under the given error constraints, was pro-
posed as a more promising approach since it allows larger
design space exploration. Several efforts have been proposed
to handle the ALS problem [1,6–10].
To evaluate the quality of an approximate design, several

error metrics have been adopted, among which error rate
and error magnitude are the most commonly used ones. Er-
ror rate refers to the ratio of the number of input vectors
that produce incorrect outputs to the total number of input
vectors. Error magnitude refers to the maximal numerical
deviation of an incorrect output from a correct one.
In this work, we propose a novel method for approximate

logic synthesis of multi-level combinational circuits under
the error rate constraint. Traditional multi-level logic syn-
thesis usually includes two phases: a technology-independent
synthesis phase and a technology mapping phase [11]. Our
method focuses on the first phase. In this phase, a combina-
tional circuit is represented as a Boolean network, in which
each node represents a Boolean function [11]. Simplifying
the nodes in a Boolean network helps reduce the total area
of the circuit. The traditional logic synthesis methods opti-
mize circuits while always keep their functions unchanged.
However, in the proposed approach, when simplifying a

node, we allow the functional change of the node. Specifi-
cally, we simplify a node by removing literals from its factored-
form expression. The obtained expression will become dif-
ferent from the original function. Among all literals in a
factored-form expression, we can flexibly choose how many
of them as well as which of them to be removed. Therefore,
a node usually has multiple approximate expressions.
To get a minimal-area approximate circuit satisfying the

error rate constraint, we propose two different algorithms:
single-selection algorithm and multi-selection algorithm. The
single-selection algorithm picks a node and its associated ap-
proximate expression which provides the best simplification
opportunity at each iteration. Although the optimization
effect is guaranteed, it suffers from long runtime since it usu-
ally takes many iterations to stop. Therefore, we further pro-
pose the multi-selection algorithm. In each iteration of this
algorithm, we formulate a variation of the basic 0/1 knap-
sack problem, which we call multi-state knapsack problem.
Each node is treated as an candidate item to be selected.
We apply dynamic programming technique to decide which
nodes and their associated approximate expressions should
be selected. This multi-selection technique reduces the it-
eration number greatly while only has a tiny quality loss
compared to the single-selection algorithm.
In summary, our main contributions are as follows:

• We propose a novel method to approximate a circuit
by simplifying the factored-form expressions of local
nodes in a Boolean network. Since a node usually
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ABSTRACT 
Approximate computing is an emerging design technique for 

error-tolerant applications. As adders are the key building blocks 
in many applications, approximate adders have been widely 
studied recently. However, existing approximate adders may 
introduce sign bit error when doing two’s complement signed 
addition, which is not tolerable for some applications. In this work, 
we propose a scheme that can correct sign bit error with low area 
and delay overhead. It is a general design applicable to many 
block-based approximate adders. This design not only can correct 
the sign bit error when it occurs, but also can fix some errors in 
the most significant bits even if there is no sign bit error. 
Experimental results on a real application, namely edge detection, 
showed that the approximate adders with our sign bit error 
correction module were up to 5.5 times better in peak signal-to-
noise ratio than the original approximate adders, while the area 
and delay overhead is small. 

Keywords 
Approximate computing, approximate adder, sign bit error 
correction 

1. INTRODUCTION 
With the continuous scaling down of CMOS transistors, energy 

consumption has become a major concern in designing VLSI 
chips. Approximate computing, an emerging technology that 
improves circuit performance and energy efficiency by allowing a 
little amount of inaccuracy in the computation result, attracts 
many research efforts recently, due to its applicability to many 
error-tolerant applications, such as image processing, machine 
learning, multimedia, and data mining [1]. 

As adders are key building blocks for many error-tolerant 
applications, a number of approximate adders were proposed 
recently [2-9]. Most of them fall into the category of block-based 
approximate adder. It splits the entire adder into several blocks of 
sub-adders in order to reduce computation delay. Each sub-adder 
takes a speculated carry-in, which is produced based on some 
previous input bits. The computation of each sub-adder is correct. 
Due to the popularity of the block-based approximate adder, it is 
the focus of this work. 

 
Fig. 1: Error Tolerant Adder Type II (ETAII) proposed in [2]. 

A representative of the block-based approximate adder is the 
Error Tolerant Adder II (ETAII) proposed in [2], which is shown 
in Fig. 1. In ETAII, it segments the whole adder into  blocks, 
and the carry-in signal of each sub-adder is produced by a carry 
generator operating on the input bits in the previous block. The 
carry-in signal of each carry generator is set as 0. There are many 
other examples of block-based approximate adder. The Carry Skip 
Approximate Adder (CSA) proposed in [3] also has  blocks, but 
the carry-in signal of the i-th sub-adder depends on input bits of 
the -th block and the -th block. The Low Relative 
Error Approximate Adder (LREA) proposed in [4] and the 
Speculative Carry Select Adder (SCSA) proposed in [5] have 
similar design styles. 

 
Fig. 2: An example of sign bit error in ETAII. 

However, all these typical approximate adders mentioned above 
may generate an error in the sign bit when doing two’s 
complement signed addition. For example, in a 6-bit 3-block 
ETAII adder, the sign bit is wrong when the two inputs are 
011111 (base 2) and 100010 (base 2), as shown in Fig. 2. The 
approximate sum is 110001 (base 2), but the accurate sum is 
000001 (base 2). The error is caused by the wrong carry-in signal 
fed into the leftmost sub-adder, which is produced by the carry 
generator in the previous block. 

Having a sign bit error in approximate addition may cause a 
catastrophic failure for many applications and may not be 
tolerable. There are only few existing approximate adders which 
can correct the sign bit error, and their designs all have some 
limitations. For example, the Variable Latency Speculative Adder 
(VLSA) proposed in [6] combines a proposed approximate adder 
with an accurate adder for error recovery. However, it requires a 
large circuit area. To ensure correct sign bit calculation, it takes 
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Abstract—The traditional FPGA technology mapping flow is 
very time-consuming as modern FPGA designs become larger. 
To speed up this procedure, this paper proposes a new approach 
based on circuit partition to parallelize it. The idea is to split the 
original circuit into several sub-circuits and assign each one to 
a core of a multi-core processor for simultaneous technology 
mapping. Compared to other existing parallelization methods, 
our method has the benefit of being independent of the detailed 
mapping algorithm. Our proposed partition method is able to 
minimize the quality loss caused by the partitioning. We have 
successfully integrated the proposed approach into an industrial 
FPGA mapping platform. The proposed flow gains a speed-up 
of 1.6X on average on a quad-core processor with negligible 
influence on the LUT count and the critical path length. 
Keywords—FPGA, technology mapping, parallelization, 

circuit partitioning. 

I. INTRODUCTION  
During the past 20 years, field-programmable gate array 

(FPAG) has become a widely used design platform due to its 
reconfigurability and low development cost. The basic logic 
units, i.e., look-up tables (LUTs), in the state-of-the-art FPGA 
chips have already reached million scale. For example, Xilinx 
Virtex UltraScale+ provides over 3,000,000 LUTs and Altera 
Stratix 10 offers 5,000,000 LUTs. The increasing number of 
units on a chip brings many benefits such as reducing the cost 
and enhancing the integration level so that more complicated 
applications can be implemented within one chip. However, it 
also raises challenges to computer-aided design (CAD) tools, 
which are used to synthesize the FPGA designs. Because the 
scale of the target design increases, the runtime of the design 
flow increases. 

As multi-core processors become more prevalent today, 
parallel computing is applied in many different fields to 
improve runtime. The most time-consuming steps in the 
FPGA CAD flow are placement and routing. A number of 
methods have been proposed to parallelize these two steps [1], 
[2]. In this paper, we focus on another step in the flow – 
technology mapping. It also takes a large amount of time, 
because it has high complexity and is often called for many 
iterations to improve the quality of the final circuit [3]. 
Although several approaches have been proposed to 
parallelize the technology mapping [4], [5], they all focus on 
parallelizing some steps in the mapping algorithm, such as cut 
enumeration. Therefore, they depend on the mapping 
algorithm. Once the algorithm is changed, the parallel 
implementation should also be modified. In this paper, we 
propose a novel method to parallelize technology mapping 
based on circuit partition. As a consequence, it is independent 
of the mapping algorithm. The mapping engine is just called 
as a black box on different cores to map all the partitions 
simultaneously. After that, all mapped sub-circuits are merged 
together. However, since circuit partition reduces the global 
optimization opportunities, the quality of the final mapped 
netlist usually becomes worse. In this work, we develop a 
partition algorithm to minimize such quality loss. We have 

successfully integrated the proposed approach into an 
industrial FPGA mapping platform. The proposed flow gains 
a speed-up of 1.6X on average on a quad-core processor. It 
only leads to an average of 3.06% increase in LUT count and 
its influence on the critical path length is negligible. 

The rest of the paper is organized as follows. In Section II, 
we describe the details of the proposed method. In Section III, 
we show the experimental results of our approach. Finally, in 
Section IV, we conclude the paper. 

II. METHODOLOGY 
In this section, we will show the details of our proposed 

method. 
A. Overview and Problem Formulation 

Since the bulk of the work in technology mapping is on 
combinational circuits, we focus on speeding up the 
technology mapping of combinational circuits. In this case, 
the inputs and outputs of the sequential units are treated as 
primary outputs (POs) and primary inputs (PIs) of the 
combinational circuit. 

 
Fig. 1. Circuit partitioning can cause the increase of the area and 
level of the mapped netlist. (a) The result of mapping the entire 
netlist. (b) The result of mapping two sub-netlists cut by the dashed 
line. 

As mentioned in Section I, the proposed parallelization 
flow is based on circuit partitioning. The basic idea of the 
flow is as follows. When given a gate netlist, instead of 
applying technology mapping directly, we first partition it 
into several sub-netlists. Then, we assign each sub-netlist to 
one core. In this way, we can do the mapping of multiple sub-
netlists simultaneously. Finally, the mapped sub-circuits are 
merged into one piece. Since the runtime of technology 
mapping is proportional to the size of the circuit, the parallel 
mapping on the sub-circuits can save a lot of time. 

However, if we partition the original gate netlist randomly, 
it will cause some quality loss on the final LUT netlist. For 
example, consider a gate netlist shown in Fig. 1, in which 
each node represents a gate. If we do the technology mapping 
on the whole circuit, 1 4-LUT is needed and the critical path 
length after mapping is 1. However, if we bi-partition the gate 
netlist as the dashed line shows, do the parallel mapping, and 
merge the result, 3 4-LUTs are needed. Furthermore, the 
critical path length of the LUT netlist increases by 1. In 
summary, both the LUT count and the critical path length of 
the circuit are worse than the one obtained by mapping the 

(a) (b)
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Abstract—Stochastic computation is a non-conventional computation
paradigm, which uses digital circuits to operate on stochastic bit streams.
Although it has advantages such as strong fault tolerance and low
hardware cost, its drawback is its long computation time. In this work, we
target at stochastic computation used in binary classification applications,
such as image segmentation and pattern classification, and propose a
novel accelerating module. We study how the design parameters affect
the error rate and computation time. We further propose how to find
the optimal design parameters. A case study on an image segmentation
algorithm shows the effectiveness of our proposed solution.

Index Terms—stochastic computation, acceleration, error rate

I. INTRODUCTION

As CMOS devices scale into the nanometer regime, they become

more and more susceptible to process, voltage, and thermal varia-

tions [3]. Furthermore, soft error can result in transient malfunction

of circuits [14]. Circuit designers are now faced with the challenge

of how to design reliable circuits from unreliable devices.

Stochastic computation, a method to perform computation using

digital circuits that operate on stochastic bit streams, is highly tolerant

of bit flip errors and hence, offers a solution to the reliability

problem [9]. In stochastic computation, conventional digital circuits

are still used to process digital signals. However, the way to encode

a value through zeros and ones is different from conventional binary

radix encoding. Here, a real value x in the unit interval is represented

by a stream of random bits X1, X2, . . . , Xl ∈ {0, 1}, with each Xi

having probability x of being a one and probability (1−x) of being

a zero, i.e., P (Xi = 1) = x and P (Xi = 0) = 1− x. For example,

both the streams A and B in Fig. 1 represent the value 4/8.

Stochastic computation has strong tolerance to bit-flip errors,

because a bit flip occurring anywhere in a stream only slightly

changes the value encoded by the stream. In contrast, for the binary

radix encoding, bit flips occurring at the most significant bits can

cause a large error in the value. With stochastic encoding, many

complex arithmetic operations, such as multiplication, division, and

square root operation, can be implemented with very simple digital

circuits [4], [7], [12]. For example, Fig. 1 shows that a single AND

gate can perform multiplication: the probability of obtaining a one

in the output stream equals the product of probabilities of obtaining

ones in the two input streams. In contrast, conventional multiplier

operating on binary radix needs a very complex logic design [10].

Due to its low hardware cost, stochastic computation has been used

in some hardware-demanding applications, such as real-time image

processing [1], low-density parity-check decoding [11], and artificial

neural networks [5].

The major drawback of stochastic computation lies in its ineffi-

ciency in encoding: to encode a value with a precision of 1
2n

, a

bit stream of length 2n is required. Traditionally, the value encoded

by a stochastic bit stream is obtained by counting the total number

of ones in the entire bit stream; this leads to a long computation

AND

A
B

0,1,0,1,0,1,1,0

1,1,0,0,1,0,1,0

0,1,0,0,0,0,1,0

b = 4/8

C

a = 4/8 c = 2/8

Fig. 1: An AND gate performs multiplication on values encoded by
stochastic bit streams.

time. However, in some binary classification applications, such as

image segmentation [8] and pattern classification [2], what we are

interested in is whether the final result is larger than a threshold. If

we apply stochastic computation to realize these applications, then

we do not need to find the exact probability of a one in a stochastic bit

stream; we only need to know whether that probability is larger than

a threshold x or not. In this case, we actually do not need to examine

the entire sequence to reach a conclusion; sometimes, examining a

partial segment is enough. For example, suppose that we want to

determine whether the value encoded by a stochastic bit stream is

larger than the threshold 0.5. If we find that the first 10 bits of the

stream contain 9 ones, then it is highly likely that the probability of

a one in the entire stream is larger than 0.5. Then, we can reach a

conclusion in a much shorter time than the traditional approach of

counting the entire sequence.

In this work, we apply the above idea and propose a novel module

to accelerate the stochastic computation used in binary classification

applications. It divides a stochastic bit stream into a number of

segments of the same length and checks each segment one by one to

infer whether the probability of a one in the entire stream is above

or below 0.5. Although the basic idea is simple, the challenging

part is how to choose the design parameters including the segment

length and the threshold value. These two parameters will affect the

error rate and the computation time of the whole system. We give a

rigorous mathematical analysis of how the design parameters affect

the error rate and the computation time. It turns out that there is a

trade-off between the error rate and the computation time. We further

formulate an optimization problem and propose a way to find the

optimal design parameters.

The proposed accelerating module is applied to a stochastic imple-

mentation of a kernel density estimation-based image segmentation

algorithm [9]. Experimental results showed that compared with the

original system proposed in [9], the system with the accelerating

module achieves 4.86× speedup with area overhead less than 1.01%
and error rate less than 0.4%.
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Abstract—Natural disasters have destructive impacts on 
individuals and communities globally, particularly for most 
densely populated countries/regions. Governments must have 
intervention strategies in place to minimize the disruptive effects 
of a natural disaster, for instance: the vulnerability assessment. 
This type of assessment supplies  government with a compulsory 
tool for pre-hazard baseline health surveillance, including the 
individual’s medical needs, and the communities’ healthcare 
access. 

Keywords—Vulnerability assessment; natural hazards; medical 
vulnerability; and social vulnerability.  

I. INTRODUCTION

The convergence of crowded population and 
frequent natural disasters may lead to  dangerous 
situations in which the risk and vulnerability to 
negative consequences of natural disasters may 
increase significantly. All people around the globe 
must be aware of the potential for natural disasters. 
The impacts of natural disasters can be quite 
destructive, e.g. death, infrastructure destruction, 
and huge financial losses. Finding from a survey has 
revealed that one of the most disaster prone 
continents in the world is Asia [1].  

Although, Asia covers only around 30% of the 
total land area of the world, this continent 
experienced approximately 40% of world's natural 
disasters in the last 10 years, leading to most of the 
world's disaster deaths (80%) [1]. Most of these 
deaths since 1990 are related to droughts 
(9,663,389), floods (6,794,304), earthquakes 
(1,559,558), cyclones (1,242,150) and tsunamis 
(261,915) [1].  

Furthermore, the total revenue losses from those 
natural disasters between 1990 and 2013 reached 
$1,097 billion, $34 billion with droughts, $359 
billion with floods, $314 billion with earthquakes, 

$167 billion with cyclones and $223 billion with 
tsunamis [1]. 

Based on the facts above, there are some urgent 
needs for improving public health emergency 
preparedness and medical emergency management. 
The disaster victims must have immediate access to 
food, water, sanitation and shelter [2]. It also must 
be noted that severe injuries can be prevented if 
appropriate medical and surgical care is provided 
within 12 and 24 hours after the disasters [2].  The 
objective of this research is to improve the previous 
studies on the vulnerability assessment to natural 
disasters.  

II. TWO TYPES OF VULNERABILITY

According to Blaikie et al. [3], vulnerability must 
be continuously monitored from total absence to its 
occurrence vulnerability. Here, we will focus on two 
different vulnerabilities: social vulnerability and 
medical vulnerability. By deeply understanding of 
the connection between the two vulnerability 
indices, the state government can customize 
emergency response plans to foresee the vulnerable 
communities’ needs. 
A. Social Vulnerability

Social vulnerability can be defined as the
population’s attributes that affect their ability to take 
the necessary steps when disaster strikes, to act in 
response to disaster and to restore their lives to a 
normal state after disaster [4]. A deep understanding 
of social vulnerability may be helpful to understand 
the reason why different communities act differently 
to the same natural hazard [5].   

According to a number of published papers, 
various socio-demographic characteristics have been 
specified as social vulnerability determinants. It has 
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Abstract: We propose and demonstrate a new form of optically induced transparency in an optical 
microresonator by introducing four-wave mixing gain in order to couple nonlinearly two isolated 
resonances of the micro-cavity at ambient temperature. 
OCIS codes: (140.3945) Microcavities; (190.4223) Nonlinear wave mixing; (190.4380) Nonlinear optics, four-wave 
mixing. 

 
1. Introduction 

One remarkable example of electromagnetically induced transparency (EIT) allows for rendering optical opaque 
transmission windows to a transparent one under illumination of a strong light beam. It was first observed in an 
atomic gas [1]; intermediately, much attention has been drawn to EIT’s unique optical properties including: slowing 
or even stopping light, all-optical switching, photon storage, etc. Alternatively, another approach has been actively 
pursued to enhance optical nonlinear interactions insides optical microcavities. Recently, a set of elegant 
experiments have cloned the idea of EIT in an opto-mechanical microcavity with the aid of mechanical oscillations 
[2]. On the other hand, an EIT-like transmission spectrum can be obtained by coupling two adjacent optical 
resonances with two spectated micro-cavities [3] or near-degenerated modes in hybrid layers of a single cavity [4], 
but unlike EIT, these approaches lack an active control to switch on/off the transparency windows.      

Here, we report an optically induced transparency (OIT) scheme in a compact micro-cavity at ambient 
temperature by exploring cavity-enhanced four-wave mixing (FWM) gain to introduce a transparency window in an 
opaque resonance dip, which directly results from the interference between two resonances coupled nonlinearly 
through FWM process. 

2.  Modelling, experiment and results 

 
Fig. 1. (a) Schematic of coupling WGMs in a microcavity. (b) Transmission characteristics of WGMs. (c) Schematic illustration of 
coupling of two WGMs in a Kerr microcavity. (d) EIT-like effect attributes to the interference of  order WGMs. The nonlinear 
coupling is induced by the presence of pump through degenerated FWM process. 
 

A relative strong pump beam with frequency  is injected to one resonance of the cavity with  
nonlinearity, enabling degenerated FWMs enhanced by the cavity resonance, this can provide parametric gains to 
two other distanced resonances sited at frequencies  and , while  and the 
signal beam transmits around the frequency of . According to coupled mode theory, the normalized 
transmission of signal can be formulated by the following equation: 
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Abstract—Due to the scarcity of the licensed spectrum,
Licensed-Assisted Access Long-Term Evolution (LAA-LTE) net-
work can be deployed in unlicensed spectrum, which is currently
occupied by different Wi-Fi systems. It is a very challenging
problem to ensure fair coexistence between LAA-LTE and Wi-Fi
networks, in terms of spectrum sharing and traffic management.
To solve this problem, a Fair Downlink Traffic Management
(FDTM) scheme is proposed in this paper for hybrid LAA-
LTE/Wi-Fi networks. By using the genetic algorithm, FDTM
tunes the minimum Contention Window (𝐶𝑊𝑚𝑖𝑛) values and
assigns feasible weights for the LAA eNBs with different traffic
loads, thus to achieve (1) fair spectrum sharing with the ex-
isting Wi-Fi networks in unlicensed bands, and (2) fair service
differentiation for downlink LAA-LTE traffic. Numerical results
show our FDTM scheme can guarantee the throughput of Wi-
Fi networks in shared unlicensed spectrum, while supporting
proportional fairness for the LAA eNBs with different weights
and 𝐶𝑊𝑚𝑖𝑛 values.

I. INTRODUCTION

The increasing demand of data access of various wireless
devices leads to an exploding data traffic growth in wireless
communication systems. Consequently, the network side must
evolve to meet this trend. LTE operation utilizing unlicensed
band as a supplementary choice of improving data access
for mobile devices has been receiving lots of attention in
recent years [1]. LAA-LTE used for carrier aggregation is
addressed as a promising technology in order to meet the
demand of the exponentially increasing data traffic. However,
given the tremendous popularity and fairly high density of
Wi-Fi networks that already operate in the unlicensed band
(IEEE 802.11a/n/ac), coexistence issues are critical between
the hybrid LAA-LTE or LTE-U and Wi-Fi networks.
In [2], a simple coexistence scheme that reuses the concept

of almost blank subframes in LTE is proposed, and they
observe that Wi-Fi is hampered much more significantly than
LTE in coexistence scenarios. In [3], Ratasuk et al. propose a
scheme by deploying LTE on a license-exempt band as part of
the pico-cell underlay and discusses several modifications for
LTE operations. In [4], Ratasuk, Mangalvedhe and Ghosh pro-
pose a simple LBT (Listen-Before-Talk) mechanism enforced
on LTE in unlicensed bands to allow coexistence with Wi-
Fi or other LAA systems. It only considers LAA and LAA

coexistence and comes to the conclusion that it would be
very effective even in dense deployment when LBT scheme
is used. In [5], a simple gradient based contention window
adjustment method is proposed to enable service fairness of
different traffic types for LAA-LTE. Nevertheless, they only
account for one traffic type and without providing an analytical
throughput model.
The above work focus on either system performance eval-

uation or simple coexistence schemes under the circumstance
LAA-LTE or LTE-U coexisting with the Wi-Fi network.
However, how to provide fair downlink service differentiation
for LAA-LTE users, while guaranteeing the throughput of
coexisting WiFi system is still an open issue. Specifically, the
service differentiation here is based on cell load of LAA eNBs,
while the service differentiation in IEEE 802.11e [6] is based
on traffic types of stations. In this paper, we propose a fair
downlink traffic management scheme for the hybrid LAA-
LTE/Wi-Fi networks. The key contributions of this research
are summarized as follows.

∙ A Fair Downlink Traffic Management (FDTM) scheme is
proposed to enable cell load based service differentiation
in the LAA-LTE network and simultaneously guarantee
the throughput of the coexisting Wi-Fi network.

∙ Extensive simulation results show the proposed FDTM
scheme can achieve fair spectrum sharing with the exist-
ing Wi-Fi networks, as well as fair service differentiation
for downlink LAA-LTE.

The remaining of this paper is organized as follows. Section
II gives an overview on current LBT regulations and mecha-
nisms of LAA-LTE. Then, in section III we provide the system
model along with our assumptions and considerations. Section
IV presents the proposed method to address the issue in the
previous section. Simulation results and analysis are given in
Section V, followed by a conclusion in Section VI.

II. THE LBT PROTOCOL IN LAA-LTE

Current LBT protocol in LAA-LTE is a Wi-Fi-like but fixed
mechanism for sharing the medium, and lacks the ability to
provide service differentiation since multiple nodes experience
different situations. Concretely, LAA-LTE LBT procedure is a
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ABSTRACT  

We report a new holographic microscope using pixel super-resolution algorithm. In our method, a sequence of low 
resolution images are acquired by a complementary metal oxide semiconductor (CMOS) sensor in digital inline 
holography system and the resolution is limited by the sensor pixel size. Then the super-resolution algorithm is applied 
to the low resolution images to get the image with much higher resolution that beyond the Nyquist criteria. 
We perform both numerical simulation and experiments to demonstrate our method with US Air Force Target used as the 
sample. The sample is randomly moved in the sample plane and a set of holograms are captured by the camera in inline 
holographic system. We use two methods to reconstruct the sample image. In the first method, super-resolution 
algorithm is applied with the low resolution holograms to get the high resolution hologram. Then the high resolution 
hologram is reconstructed using auto-focusing algorithm to get the high resolution sample image. In the second method, 
the raw holograms are directly reconstructed to get a set of low resolution sample images, then the super-resolution 
algorithm is applied to get the high resolution sample image. We observed that the above mentioned two methods can get 
similar results in both numerical stimulation and experiments. We believe that the combination of pixel super-resolution 
algorithm and digital in-line holography can be very useful to implement a compact low-cost microscope with high 
resolution.   

Keywords: Super-resolution, digital in-line holography, image resolution 

1. INTRODUCTION
        Optical microscope has developed for several hundred years and been widely used in many aspect our life and 
research. However the precise instruments need bulky lens, big body and expensive cost which limit the use of 
microscope. Recent rapid development technique and great effort has made CMOS imaging sensor cheap and high 
density chip, which lead to rise of new microscopic design. These developments use imaging sensor as the receiver, 
making it easy to combine with computational calculation and analysis. For instance, the on-chip microscope makes 
difference with the classical microscope [5,6]. It avoids bulky size and use of lens to make it smaller and less-cost, its 
capability of test cell or microorganism morphology makes it more popular and promising in healthcare diagnosis in 
remote devises. However, there is a significant characteristic of these kind of electrical receiver, the resolution is greatly 
determined by the pixel size of imaging sensor, which means that the resolution of images will be limited by the sensor 
parameter. Recently the most common pixel size of imaging sensor is 2.2 μm or larger, to achieve even higher resolution 
would lead to much funding, which hinder the development of  lens-less on -chip microscope. Digital in-line holography 
is a example of lens-less microscope[1-7]. This technique is capable to recover the 3 dimensional images of object with 
the use of phase information. 

        Herein, to get high resolution go beyond the Niquist criteria and satisfy the cost-less and portable function, 
computer algorithms are more suitable for lens-less on-chip microscope. We introduce a new digital in-line holographic 
microscope making use of super-resolution algorithm [8-11]. Nowadays super-resolution has been used in many image 
enhancement technique, such as optifluidic microscope [12,13]. The core concept of this algorithm is to generate one or 
several high resolution images with one or several low resolution images. It takes advantage of precise subpixel 
movement between subsequent low resolution images. With the calculated motion vector to generate larger image frame.  
The result shows that it can achieve even higher resolution which can reach ~1μm. Geometrically the setup of our 
method is very simple, which has only several devices and can work without lens, as shown in Fig 1. The coherent light 
through fiber and pin hole works as the light source. After a distance of propagation,  the light comes to the sample plane. 
Some coherent light wave partially gets scattered and absorbed and the rest directly go across the glass, acting as 
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ABSTRACT  

High resolution is always a pursuing target in the imaging field, as a new prospective technique in imaging applications, 
digital in-line holography has become a very active field for compactness, more information and low-cost. However, for 
compact system, the resolution is often limited by sensor pixel size. To overcome this problem, we propose an iterative 
reconstruction method with data interpolation based on the grating illumination. In our method, the Talbot self-image of 
a Ronchi grating is exerted in the sample plane as a priori constraint which lead to the convergence of the iteration, the 
iteration between the sample plane and the sensor plane can provide some extra information with interpolation in the 
sensor plane based on the a priori constraint, furthermore, the iteration reconstruction can also eliminates the twin-image 
to improve the image quality. Numerical simulation has been conducted to show the effectiveness of this method. In 
order to make a further verification, we have developed a lensless in-line holographic microscope with a compact and 
wide field-of-view design. In our setup, the sample was under the Talbot image illumination of the Ronchi grating, 
which was illuminated by a collimated laser beam, and holograms were recorded by a digital imaging sensor. We can 
shift the grating laterally to get a wide-field image. We demonstrated the resolution of our imaging system by using the 
USAF resolution target as a sample, and the results shown the resolution improvement of the image.  

Keywords: digital holography, grating illumination, interpolation, high resolution 

1. INTRODUCTION
High resolution is always the pursuing target in the imaging field, especially in the microscopic applications[1-4].  As a 
new emerging field in imaging apploactions, digital holography microscopy has become a very active part in the imaging 
field for their advantages, such as: compactness, more information and low cost[5-8]. However the low resolution has 
become largest limitation;  

        In digital holography, the resolution is decided by mainly two factors: numerical aperture (NA) and sensor pixel 
size. The resolution limitation by the NA is diffraction limited resolution. The only two methods to overcome this 
limitation include shorten the wavelength of the light wave and enlarge the NA of the optical system[7, 9-14], there are 
many ways to increasing the NA of the setup, such as using oil-immersed setup at the specific reconstruction distance[9], 
adopting synthetic aperture technique[10], expanding the size of the hologram by self-extrapolating[11-13]. For the 
compact digital setup, the distance between sensor and sample is very small, so the resolution limitation caused by NA is 
not a decisive factor, In general, the pixel size of the commercial sensor is about several micrometers, it is larger than 
many details in microorganism. So the sensor pixel size dominates the resolution of the system. 

        Many efforts have been made to achieve high-resolution imaging to overcome the resolution limits caused by the 
pixel size of sensor, such as: Optofluidic microscopy(OFM)[15, 16], sub-pixel shifting method[13, 17]. These methods 
are very effective but complicated, the OFM system needs the sensor covered by metallic layer with small aperture and 
the distance between the sensor and sample is very close. Furthermore, it needs work with the microfluidic channel; The 
sub-pixel shifting method needs high-precision shifting device. A possible method to enhance the resolution is 
interpolation[18], but the additional information introduced by the interpolation is not reliable. 

     In this article, we make use of the iteration reconstruction method with grating illumination to enhance the resolution 
by hologram interpolation.  It’s not hard to see the interpolation of hologram can provide more information, but the extra 
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ABSTRACT  

Conventionally endoscopic OCT images are reconstructed by uniform sampling in both axial and transverse direction of 
the image. To shorten the scanning time and reduce the acquisition data, we propose to sparsely sample the axial scans 
and use compressive sensing (CS) to reconstruct the full endoscopic OCT image with randomly chosen axial scans that 
are much less than conventional Nyquist criteria requirement. And we study the ratio of sparse sampling numerically and 
experimentally that are required to reconstruct acceptable OCT images. We demonstrate that the OCT image acquisition 
time can be significantly reduced because of much less acquired data. 

Keywords: Optical Coherence Tomography (OCT), Endoscopy, Compressive Sensing (CS). 

1. INTRODUCTION
Optical Coherence Tomography (OCT) [1-3] is a widely used biomedical imaging modality in clinical diagnosis 

because of its advantage of high resolution and being non-invasive. And endoscopic OCT [4-6] aims to examine the 
interior of hollow organs and structures such as respiratory tract and blood vessels. OCT can achieve real time imaging 
and its imaging speed has been consistently improved in the last decade. With the current imaging speed up to multi-
MHz A-scan rate, OCT can acquire three-dimensional (3D) images in real time [7-9]. Usually the pixels in OCT images 
are equally spaced and the corresponding data is acquired with the same data rate. Thus a 3D OCT image will require 
acquisition of a large amount of data, which impose a speed limit of the OCT imaging process. To solve this issue, 
researchers have applied sparse sampling technique along with compressive sensing reconstruction to reduce the amount 
of data acquired in the imaging process [10-11]. 

In this paper, we propose to use the sparse sampling technique along with compressive sensing reconstruction in 
endoscopic OCT imaging, aiming to reduce the amount of data acquired for high-speed imaging applications. Because 
the sampling distances in a circumferential image and a linear image is different, the effect of compressive sensing 
reconstruction will be different in the endoscopic imaging cases. We study the ratio of sparse sampling numerically and 
experimentally that are required to reconstruct acceptable OCT images and show our result in the rest of the paper. 

2. SYSTEM SETUP AND PRINCIPLE

2.1 System setup and the endoscopic probe 

The schematic diagram of out OCT system is shown in Fig. 1. The system is implemented with a low-coherent fiber 
interferometer. The broad-band source (Superluminescent diode, SLD) is coupled into the 50/50 single mode fiber 
coupler. In the reference arm, the light is collimated and reflected by a mirror to provide an optical delay. The sample 
arm is connected to an endoscopic probe. The backscattered signal of the both arms coupled in the output branch of the 
fiber coupler and interferes. Then the interference signal is collimated into free space and detected with a spectrometer. 
The spectrometer is built of an optic grating and a line-scan charge coupled device camera connecting to the computer 
for data acquisition and processing. Figure 2(a) shows the probe structure, which was also reported in our previous paper 
[12], the probe includes the single mode fiber, which is supported by the 8o cut glass ferrule, and the GRIN lens in front 
of the fiber tip to focus the light beam. They are glued on the tube using ultraviolet epoxy. The distal end of the probe 
consists a rotor consisting of a mirror of cylindrical wedge shape, which is for deflecting the focused beam, connecting 
to a small piece of magnetized cylindrical metal piece. As shown in Fig. 2(b), the proximal fiber is plugged into a DC 
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Abstract: We developed a digital inline holographic microscope with grating illumination. Based 
on the hologram intensity and considering the grating illumination as constraint, iterative 
reconstruction were used to retrieve the phase information and remove the twin-image 
background. 
OCIS codes: (090.1995) Digital holography; (100.5070) Phase retrieval; (180.0180) Microscopy. 

 
1. Introduction 

Digital in-line holography (DIH) has been developed for many years and successfully used to image biological 
samples [1]. However, traditional DIH required point source illumination and far enough sample-to-sensor distance 
(small Fresnel number), which prevent it from integrating into compact devices. For compactness, short sample-to-
sensor distance (large Fresnel number) is required. However, the twin-image issue will be prominent. To get rid of 
the twin image in DIH, researchers have developed many important techniques [2-4]. Phase retrieval algorithm 
based on iteration between sample plane and detection plane is one of the important image reconstruction methods 
to suppress the twin-image of in-line holography [5-7]. A popular method is to choose a threshold to define the 
sample support [8], which was used as constraint in the iteration. However, there are two limitations for this method. 
First, the threshold might need to be changed according to specific type of the samples. Second, it’s almost 
impossible to find the sample support if it doesn’t have an obvious boundary because of smoothly changing 
transmissions across the sample. This issue can be solved by using a designed periphery to define the sample support 
for iteration constraint [9]. However, because of the loose support constraint, the reconstruction results is not 
optimal and still need to resort to previous methods to get better images. Furthermore, the sample information 
outside the designed support region will also be lost and there is a trade-off between support area and the imaging 
field-of-view. Here we propose to define a known area a priori in the sample plane by using grating illumination to 
overcome this issue. 

In our imaging system, the Talbot image of a Ronchi grating was used to illuminate the sample, which defined 
the sample support. Then iterative reconstruction based on Fienup’s algorithms [5] were used to reconstruct the 
sample image. A wide-field image can then be acquired by laterally shifting the grating illumination. Compared to 
other methods of defining the sample support in iterative holographic reconstruction, there are two major advantages 
of using Talbot grating illumination with Ronchi grating: (1) the sample support will be independent of the sample 
and instead defined by the grating illumination. Furthermore, the sample support size can be chosen according to 
experiment requirement. (2) The Talbot grating illumination is sharp at the edge of bright and dark region, resulting 
in better performance of the iteration algorithm [10]. Notice that this feature can also be achieved by using a lens 
system to image patterns with sharp edges. However, the lens system will be incompatible with the compact system 
design and also increase system cost. 

2.  Principles 

The schematic of the digital inline holographic microscope is shown in Fig. 1. The sample was put on a microscope 
slides under illumination of a collimated laser beam through a Ronchi grating. The distance between the sample 
plane and the Ronchi grating was set as half-Talbot distance, i.e., p2/λ, where p is the grating period and λ is the 
wavelength. Because of the Talbot effect [11], there will be a grating illumination on the sample plane. The 
scattering of the light by the sample and the undisturbed light were then interfere and the hologram was detected by 
a CMOS imaging sensor. We can see that the design is simple enough to be compact and integrated into mobile 
devices. Furthermore, without using complicated lens, the field-of-view can be as wide as the CMOS sensor size and 
the cost is expected to be low. The grating illumination on the sample will define the sample support, i.e., the region 
that light field is not zero, and the light field in dark region of the grating is zero. By using the sample support as 
constraint, we can reconstruct the sample image by the iterative reconstruction method following Fienup’s methods 
[5], as detailed below: 
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Surface plasmon resonance (SPR) devices have been widely used in label-free biosensing 
applications due to their convenient surface wave configuration and the capability to optically detect 
biomolecule surface binding with a high stability and uniformity between different experiments. 
Meanwhile, integrating SPR nanostructures onto single-mode fiber (SMF) end facets provides 
unique advantages such as flexible geometry, compact sizes and in vivo monitoring capability. To 
improve the performance of SMF end facet SPR devices which are usually limited by guided mode 
diffraction, following our previous work on plasmonic crystal cavities [1], in this work we 
demonstrate a plasmonic distributed feedback (DFB) cavity with a phase shift section. The DFB 
structure contains a periodic array of nanoslits in a gold film, which provides a surface plasmon 
polariton (SPP) bandgap from 865 to 877 nm on the water-gold interface. A phase shift section is 
embedded at the center of the DFB structure to introduce an SPR defect state within the SPP bandgap. 
The devices were fabricated onto the fiber end facets by a glue-and-strip transfer process [1]. To 
demonstrate real biosensing implementations, the reflection spectra of the SMF guided lightwaves 
were taken in real-time to detect refractive index change, adsorption of bovine serum albumin onto 
gold surface, and the association and dissociation between human immunoglobulin G (hIgG) and 
its antibody. 
[1] X. He, H. Yi, J. Long, X. Zhou, J. Yang and T. Yang, "Plasmonic Crystal Cavity on Single-Mode 
Optical Fiber End Facet for Label-Free Biosensing," Applied Physics Letters 108, 231105 (2016) 

Summary 
Plasmonic distributed feedback (DFB) cavities with a phase shift section have been designed and 
fabricated on the end facets of single-mode fibers, providing a defect state in the surface plasmon 
polariton band gap. Such fiber end facet SPR devices can have almost comparable biosensing 
capabilities to the prism coupled SPR devices, in spite of strong diffraction of the fiber guide mode. 
Detection of refractive index change and real-time monitoring of biomolecule binding are reported. 
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Abstract— Nanoshells are one of versatile plasmonic nanostructures in biomedical applications
due to highly tunable optical properties and near-field enhancement. By exciting the nanoshell-
plane junction with a radially polarized (RP) focused excitation, we have obtained further near-
field boosting and consequent highly sensitive surface enhanced Raman scattering (SERS) of a
monolayer of malachite green isothiocyanate molecules. This work expands the vertical anten-
na under RP excitation method for ultra sensitive and reproducible SERS measurement from
nanospheres to nanoshells.

1. INTRODUCTION

Nobel metal nanoparticles have a widespread use in SERS area. These metal particles can be very
good substrate to provide considerable electromagnetic enhancement [1]. In the recent few years,
with the increasing need of multi-function analysis in the biochemical field, the magnetic materials
have been the research hot spot for their magnetism and low toxicity [2]. Core-shell structure gives
us a good chance to combine the properties of noble metal and magnetic materials. A variety of
chemical synthesis methods of nanoshells have been reported. However, their optical properties
using as the SERS substrate are not analyzed systematically. In order to prove that nanoshell is
also a good SERS substrate with short integration time and high Raman enhancement under RP
excitation, numerical simulation and corresponding experiments are necessary.

In this work, we used the nanoshell (Fe3O4@SiO2@Au) synthesized by our cooperation group [2].
We get 107 Raman enhancement factor under 2 s integration time. The experiment results agree
well with the simulation results. Therefore, nanoshell is also a good SERS substrate which has
rather short integration time and large Raman enhancement under RP excitation.

2. SIMULATION METHOD

FDTD (Finite Difference Time Domain) is a numerical analysis technique used for simulating the
distribution of electromagnetic field. Corresponding to the statistical distribution of nanoshells’
sizes [2], radius 38 nm Fe3O4 core, radius 58 nm SiO2 sphere combining with radius 88 nm Au
sphere become a concentric nanoshell sphere. Their override mesh orders are different to separate
each layers. The structure building in FDTD is showed in Figure 2(a). Fe3O4 is magnetic material
using for separating the particles, therefore, we can replace Fe3O4 with SiO2 when simulating the
optical properties. Based on our experiment, another 1 nm molecule layer which refractive index is
1.5 is added on the substrate. The whole particle is setting on a 3000×3000×200 nm Au substrate
with 1 nm gap between each other. For source, the total-field scattered-field source emits at the top
of the particle with 30◦ incident angle and TM polarization. The wavelength range is 550–750 nm.
One mesh covers the whole particle is 1 nm precision in 3D coordinates. Another mesh only covers
the gap between the particle and substrate with 0.1 nm accuracy. Three monitors are set to check
the refractive index, electric field distribution and the gap field distribution of the system. In
addition, a scattering cross section analysis is used to simulate the scattering spectrum.

From the index monitor showed in Figure 2(b), each layer can be distinguished which demon-
strates that the mesh accuracy is enough to discriminate the details. From the gap field distribution
monitor showed in Figure 2(c), the size and the intensity of the hot spot is clearly known. From
the scattering cross section analysis showed in Figure 2(d), the scattering spectrum has 591 nm,
658 nm, 742 nm three peaks. The laser intensity is 633 nm which is within the range of the scattering
spectrum. To illustrate the “dark center” in the hot spot, the source wavelength at 700–1000 nm
range is also simulated. The scattering cross section shows another peak outside 1000 nm. This can
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Abstract: Reproducible ultrahigh SERS enhancement in deterministic plasmonic hotspots allows 
chemical events on the single molecule level to be observed in real time, including plasmon-driven 
dimerization of 4NBT to DMAB, DMAB desorption and trans-cis conformation switching. 
OCIS codes: (240.6680) Surface plasmons; (240.6695) Surface-enhanced Raman scattering; (350.6670) Surface 
photochemistry  

1. Introduction

It has been revealed in recent years that the chemical reactions of molecules attached to noble metal surfaces can be 
triggered by hot electrons generated from plasmon decay [1]. A well-known example is the plasmon-driven 
dimerization process of 4-nitrobenzenethiol (4NBT) to dimercaptoazobenzene (DMAB), whose process can be 
monitored and verified through its surface enhanced Raman scattering (SERS) spectral variations versus the elapse 
of time. Moreover, DMAB is a photoswitchable molecule that has attracted great attention of molecular device 
research since the first report of its trans-cis photoisomerization [2]. However, the conformation switching of 
DMAB on solid-state substrates have been very difficult to detect by SERS. The existence of the cis-conformation 
has had to be calculated from the intensity ratio between the Raman bands that are common to both cis- and trans-
DMAB, which requires a large ensemble of homogeneously enhanced molecules, while the fingerprint Raman bands 
of cis-DMAB is very weak [3]. This is due to the fact that the Raman scattering cross section of trans-DMAB is
much larger than cis-DMAB, and trans-DMAB is more stable [4]. 

In this work, we have observed the above chemical events on the single molecule level, that is, dimerization of 
4NBT to DMAB, DMAB desorption, and trans-cis conformation switching. It was achieved by detecting the time-
resolved Raman spectra in deterministic plasmonic hotspots which have reproducible and ultrahigh SERS 
enhancement, and which can reveal single chemical events that would otherwise be buried in the information from a 
large ensemble of molecules. The reproducible and ultrahigh SERS is produced by a particular experiment scheme 
of gold nanosphere-atomically flat plane antennas under radially polarized excitation [5,6]. Our work shows that this 
experiment scheme has a great potential for systematic study of single molecule SERS and surface chemistry. 

2. Experiments

Fig. 1 (a) Schematic of the experiment. (b) SERS spectra of twenty antennas coated with a monolayer of 4NBT. (c) Time dependent SERS 
spectra from one antenna. Black: Raman band of 4NBT (-NO2 stretching mode at 1336 cm-1); green: Raman bands of trans-DMAB (-N=N- 

stretching mode at 1432 cm-1); an additional Raman band in the 16th exposure indicates the desorption of one of the thoil-gold covalent bonds of 
trans-DMAB. 

Our experiment scheme is illustrated in Fig. 1(a). A 60 nm gold nanosphere is coated with a monolayer of 4NBT 
molecules, and placed on top of an atomically flat gold film. The nanosphere-plane junction forms a vertically 
polarized optical antenna, and is efficiently excited under a radially polarized He-Ne laser focal spot [5,6]. Fig. 1(b) 
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Abstract: Plasmonic crystal cavities on single-mode optical fiber end facets show a refractive 
index detection limit of 3.5 10-6 RIU. Real-time monitoring of the kinetic interaction process 
between immobilized proteins and partner molecules is demonstrated.
OCIS codes: (240.6680) Surface plasmons; (280.1415) Biological sensing and sensors; (130.3120) Integrated optics 
devices.

Surface plasmon resonance (SPR) devices have been widely employed in label-free biosensing applications, and 
have provided high sensitivity, short turn-around time and high throughput. Integrating SPR structures onto the end 
facets of optical fibers to achieve low cost, flexible and in vivo sensing devices has a great potential to open up a 
variety of new applications. However, such fiber end facet devices have been severely limited by the poor sensing 
performance resulting from fiber guided mode diffraction [1-3]. In this paper, we have designed and fabricated a
plasmonic crystal cavity on a single-mode fiber (SMF) end facet. An experimental refractive index detection limit 
(DL) of 3.5 10-6 RIU at 1 s integration time has been obtained, which is nearly as good as planewave coupled SPR
[4]. We have also demonstrated real time monitoring of the immobilization of Human Immunoglobulin G (hIgG)
molecules onto the fiber sensor, and the kinetic interaction process between hIgG and its binding partner anti-hIgG
molecules.

The plasmonic crystal cavity structure consists of two square arrays of periodic nanoslits in a 55nm thin gold 
film, as shown in Fig. 1(a). Fabrication of the plasmonic nanostructure on the fiber end facet was done by first 
making the structure in a gold film on a quartz substrate, then transferring the gold film onto the fiber end facet by a
“glue-and-strip” method [5]. The array in the center has a size of 11�11 �m2 and a periodicity, �1, of 645nm. The 
surrounding array has a size of 100�100 �m2 and a periodicity, �2, of 315 nm. All the nanoslits have the same width 
of 50 nm. The central array couples the SMF guided mode to surface plasmon polaritons (SPP) on the gold film,
while the surrounding array confines the SPPs with an around 50% power reflectivity. The 2nd order spatial Fourier 
component of the central array results in a SPP bandgap which provides a higher density of SPP states to couple 
with the fiber guided mode (not shown). To optimize the interference between reflection off the border of the central 
array, r1, and reflection off the surrounding array, r2, the distance between the central and surrounding arrays, s, has 
been set to 715 nm, as shown in Fig. 1(b).

Fig. 1. (a) An optical micrograph and an SEM image of a plasmonic crystal cavity on the end facet of a 125 �m diameter bare SMF. (b) A 2D 
structure for FDTD simulation. d=5 �m, �1=645 nm, �2=315 nm, s = 715 nm. Inset: an SEM image showing s. (c) Normalized reflection spectra

of 2D structures, periodic nanoslit array (black), plasmonic crystal cavity (green).

Fig. 1(b) shows the two-dimensional (2D) structure used for Finite-Difference Time-Domain (FDTD) 
simulation, which extends uniformly in the out-of-paper direction. In the 2D simulation, the fiber is replaced by a 
planar glass waveguide with a core layer width of d = 5 �m, refractive index n = 1.45, and numerical aperture NA =
0.13. Fig. 1(c) shows the simulated back-to-fiber reflection spectra of both the plasmonic crystal cavity and a
periodic nanoslit array which extends to infinity in the in-plane direction without the surrounding reflector. The 
bandedge of the periodic array is clearly observed as a sharp edge of its SPR resonance dip near 870 nm. The 
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Abstract: With an experiment method that produces reproducible and ultrahigh enhanced 
Raman scattering in single deterministic plasmonic hotspots, we have discovered a 
heterogeneous phonon pumping effect and observed single molecule chemical events. 

Using enhanced Raman scattering in single deterministic plasmonic hotspots to probe single molecule structures, 
dynamics and chemistry is a holy grail for the study on plasmon-enhanced Raman scattering [1-3]. The 
development in this direction has been hindered by the challenge to achieve both reproducible and ultrahigh 
enhancement of Raman scattering simultaneously [4-5]. In addition, plasmon-enhanced Raman scattering is still 
an incompletely understood subject, which is involved with complicated quantum physical and chemical effects. 

By illuminating a 60 nm gold nanosphere – atomically flat gold plane antenna with focusing a radially 
polarized He-Ne laser beam, as in Fig. 1(a), we have achieved a 109-10 electromagnetic enhancement factor of 
surface enhanced Raman scattering (SERS) for a monolayer of small molecules, with an unprecedented root-
mean-square error (RMS) down to 100.08 in individual hotspots (not shown) [6]. Further, a heterogeneous 
nonlinear relation between SERS intensity and laser power is experimentally observed with malachite green 
isothiocyanate (MGITC) molecules, as in Fig. 1(b), and theoretically explained by quantum phonon pumping [7]. 
This is a piece of evidence for the recently proposed molecular cavity optomechanics theory and shows more 
complicated behaviors rooted in the quantum nature of molecular vibration [8]. We have also been able to 
observe changes in the Raman spectra in real time, which tell chemical events on the single molecule level, 
including plasmon-driven dimerization of 4-nitrobenzenethiol (4NBT) to dimercaptoazobenzene (DMAB), 
DMAB desorption, and its trans-cis conformation switching as in Fig. 1(c). Isomer switching is an interesting 
topic for molecular device research. 

(a)                                                             (b)                                                                        (c) 

Fig. 1. (a) Schematic of the experiment. (b) SERS intensity at 1370 cm-1 versus laser power, for an antenna coated with a monolayer of 
MGITC molecules. (c) Time-resolved SERS spectra showing DMAB trans-cis conformation switching. Red: cis; green: trans. 

In summary, our experiment has enabled reproducible and ultrahigh SERS enhancement in deterministic 
plasmonic hotspots. We have used it as an efficient tool to explore SERS phenomena in single nanometer scale 
hotspots, including the discovery of a heterogeneous phonon pumping effect and the observation of single 
molecule chemical events. This work is supported by National Science Foundation of China grant #11204177. 
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1. INTRODUCTION

Traffic congestion in modern cities is still a major problem for
human society, due to the limited transportation infrastructures
available, the high demand for travelling, and the unpredictable
activities of travelers. It leads to a lot of social and economic
problems, such as environment pollution, traffic accident and
increased cost of living. Therefore, many methodologies have
been developed for congestion governance. From a long-term
perspective, network-wide traffic signal control is an efficient
way to mitigate traffic jams and to improve the mobility of the
whole network by regulating traffic behaviors.

The scale of real road networks in big cities are usually large,
and the dynamics of traffic flow are too complex. With respect
to control of such large-scale, complex, dynamic systems with
multiple-inputs and multiple-outputs, it is a big challenge to
develop an effective and feasible strategy to address traffic
congestion and propagation. Fortunately, parallel control the-
ory (PCT) proposed by Wang (2010), which is composed of
Artificial Societies (A), Computational Experiments (C), and
Parallel Execution (P), or named as ACP method, provides
a more tractable way to solve the aforementioned problems.

� This work is supported in part by the National Science Foundation of China

(Grant No. 61433002, 61521063, 61374110, 61473288), the Beijing Natural

Science Foundation (Grant No. 4142055), NSFC International Cooperation

Project (Grant No. 71361130012).

In this framework, an artificial traffic system is built in terms
of real road network, while computational experiments can
be carried out within the system. A real traffic network run-
s in parallel with its artificial network, and implements the
optimal control policies received from the artificial network
through real-time communication. This framework paves the
way for designing appropriate control strategies and meeting
the multiple-objective requirements in urban traffic control at
different levels, such as traffic demand level, subnetwork coor-
dination level and intersection control level.

More recently, the concept of MFD is widely used for control
of large-scale urban traffic networks from an aggregated point
of view. Its existence was observed and verified by Geroliminis
and Daganzo (2008) based on experimental data. An MFD links
the number of vehicles (or densities) and the space-mean traffic
flow in the network. If an urban traffic network is considered as
a whole, the MFD can describe the macroscopic characteristics
of the network. On the one hand, these findings make it easier to
model the dynamics of traffic flow at the network level; on the
other hand, researchers can design real-time control strategies
based on the MFD to mitigate congestion and improve mobility
in large-scale urban traffic networks. Geroliminis et al. (2013)
proposed optimal perimeter control for a two-region urban city
based on the MFD by regulating the exchanged traffic flows on
the perimeter borders between the two regions. Perimeter and
boundary control for multiple regions in heterogeneous urban
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Abstract: This paper concerns the integration of demand balance control and traffic flow coordination
control in a hierarchical framework for complex urban traffic networks. At the first level, a complex
traffic network is first partitioned into several subnetworks. The traffic dynamics in each subnetwork
is modeled by utilizing the concept of Macroscopic Fundamental Diagram (MFD), which relates the
network-wide space-mean flow and the number of vehicles at the aggregated level. This model aims at
designing a demand balance model predictive controller (MPC), which can improve the internal flow
inside the subnetwork by regulating the input flows from outside. At the second level, based on a more
detailed traffic flow model, the signal timings of all intersections for each subnetwork are determined by a
flow coordination MPC controller, which aims at distributing the number of vehicles in each subnetwork
as homogeneously as possible. The effectiveness of the proposed approach is investigated via simulation
under different scenarios on a hypothetical urban traffic network, and the performance is compared with
other control strategies.
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Abstract 

Various structures of lead halide perovskite solar cells have rapidly risen to the forefront of emerging 

photovoltaic technologies, owing to their rapidly increasing efficiencies. In parallel with device 

fabrication and optimization in the lab, to pave the way for commercialization of these solution-processed 

solar cells, we have developed modified versions of controlled drop-casting and spray coating methods 

combined with ultrasonic vibration imposed on the substrate. The developed methods, i.e., the substrate 

vibration-assisted spray coating (SVASC) and substrate vibration-assisted drop-casting (SVADC) were 

used for the deposition of CH3NH3PbI3-xClx mixed halide perovskite thin films and other solution-

processed layers in a planar heterojunction solar cell (FTO/PEDOT:PSS/CH3NH3PbI3-xClx/PCBM/Al). 

The simple devices made using these scalable methods have so far shown efficiencies up to about 6%. 

Device and process optimization is being undertaken to further improve the power conversion efficiency. 

In this poster, the principle and merit of the developed casting methods for the fabrication of perovskite 

solar cells is discussed. Results on the optimization of the perovskite layer are presented as well.   
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Summary The universal meshes is an efficient way to handle problems with evolving domains or discontinuities by only perturbing a

fraction of vertices of a fixed background (universal) mesh at every time step. In particular, it was adapted to problems with a simple

propagating crack in an earlier contribution. In this work, we have generalized the formulation to the case of a branched crack with one or

multiple triple junctions. This generalization will be useful for simulating dynamic crack propagation such as that generated by an impact.

INTRODUCTION

One of the challenges to simulate crack evolution with the finite element method is the need for a conforming mesh to the

evolving geometry, since the brute-force way of generating a new mesh for each crack propagation step is costly. The universal
meshes method was proposed by Rangarajan and Lew [1] for a closed domain and then adapted to crack problems with a simple

crack by Rangarajan et al. [2] This method avoids both the costly step of mesh re-generation and the cumbersome evaluation

of enrichments in enrichment techniques such as the extended finite element method. In this contribution, we extended the

method in [2] to the case of a crack with one or multiple triple junctions.

THE PROCEDURE

The case of one junction This section devotes to introducing the main idea of the algorithm for the case in which the crack

has exactly one junction, such as the example shown in Figure 1a. The algorithm includes three steps:

1. Move nodes to coincide with the junction and tips. For the junction and both crack tips, we find the nearest node (in

case of multiple nodes, we pick any one) and move it to coincide with the junction (crack tip). To maintain the quality

of the mesh, we also move the nodes within a certain radius (2h in our example, where h denotes the mesh size), see

Figure 1.

(a) (b)

Figure 1: (a) The original mesh (fixed for each stage of crack propagation). (b) The mesh after step 1.

2. Determine a specific set of nodes to be projected to their respective closest points on the crack. This step has two

sub-steps: (a) Determine, among the neighboring nodes of the junction node, which three should be moved to the crack

(each to each branch). The principle is to minimize the angles of rotation of the relevant edges resulting from such

movement, see Figure 2a. (b) Determine more nodes to be projected for each branch, until the crack tip. The main idea

is to, for each branch, first choose nodes only on one side, so that they form a series of edges topologically equivalent to

the branch of interest. Then we adjust some of the chosen nodes to reduce element distortion, according to the criterion

and procedure given in Rangarajan and Lew [3]. Finally we will ensure no triangle whose all nodes are chosen. The

finally chosen nodes are shown in Figure 2b.

3. Project nodes onto the branched crack and relax the neighboring nodes. We project the nodes onto their closest point in

the crack and simultaneously relax the neighboring nodes to get the final mesh, see Figure 2c.

∗Corresponding author. Email: yongxing.shen@sjtu.edu.cn
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