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Abstract 

This doctoral research, Designing LMPA (Low Melting Point Alloy) Based Smart 

Materials for Soft Robotics Applications, includes the following topics: (1) Introduction; 

(2) Robust Bicontinuous Metal-Elastomer Foam Composites with Highly Tunable 

Mechanical Stiffness; (3) Actively Morphing Drone Wing Design Enabled by Smart 

Materials for Green Unmanned Aerial Vehicles; (4) Dynamically Tunable Friction via 

Subsurface Stiffness Modulation; (5) LMPA Wool Sponge Based Smart Materials with 

Tunable Electrical Conductivity and Tunable Mechanical Stiffness for Soft Robotics; and 

(6) Contributions and Future Work. 

Soft robots are developed to interact safely with environments. Smart composites with 

tunable properties have found use in many soft robotics applications including robotic 

manipulators, locomotors, and haptics. The purpose of this work is to develop new smart 

materials with tunable properties (most importantly, mechanical stiffness) upon external 

stimuli, and integrate these novel smart materials in relevant soft robots. Stiffness tunable 

composites developed in previous studies have many drawbacks. For example, there is not 

enough stiffness change, or they are not robust enough. Here, we explore soft robotic 

mechanisms integrating stiffness tunable materials and innovate smart materials as needed 

to develop better versions of such soft robotic mechanisms.  First, we develop a 

bicontinuous metal-elastomer foam composites with highly tunable mechanical stiffness. 

Second, we design and fabricate an actively morphing drone wing enabled by this smart 

composite, which is used as smart joints in the drone wing. Third, we explore composite 

pad-like structures with dynamically tunable friction achieved via subsurface stiffness 



 

 

modulation (SSM). We demonstrate that when these composite structures are properly 

integrated into soft crawling robots, the differences in friction of the two ends of these 

robots through SSM can be used to generate translational locomotion for untethered 

crawling robots. Also, we further develop a new class of smart composite based on LMPA 

wool sponge with tunable electrical conductivity and tunable stiffness for soft robotics 

applications. The implications of these studies on novel smart materials design are also 

discussed.  

                                                                    

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Designing LMPA-Based Smart Materials for Soft Robotics 

Applications 

 

by 

Siavash Sharifi 

B.S., Islamic Azad University of Central Tehran Branch, 2012 

M.S., Amirkabir University (Tehran Polytechnic), 2016 

 

Dissertation submitted in partial fulfillment of the 

requirements for the degree of Doctor of Philosophy in 

Mechanical and Aerospace Engineering 

 

 

 

 

Syracuse University 

May 2023 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Copyright © Siavash Sharifi May 2023 

All Rights Reserved



 

 

 

 

 

 

 

 

Dedicated to my parents, 

 Ahmad Sharifi and Afsar Mirzaei.



vi 

 

Acknowledgements 

First and foremost, I wish to thank my Ph.D. advisor, Dr. Wanliang Shan, who has been 

an incredible mentor to me. Over the past five years, your guidance on research and writing 

has been invaluable to me. You have pushed me to be a better researcher and have had 

confidence in me while giving me freedom to make my own mistakes. Thank you for your 

encouragement, patience, and support.  

Special thank you to Dr. Hao Xu, and Dr. Amit Sanyal for sharing with me your wisdom 

and providing me with your priceless advice throughout different projects. You have been 

a major influence on my intellectual development. I have been very lucky to have the 

chance to work with you.   

I am grateful to my committee members, Dr. Amit Sanyal, Dr. Yeqing Wang, Dr. 

Zhenyu Gan, Dr. Victor Duenas, Dr. Riyad Aboutahaand and Dr. Wanliang Shan for 

reviewing my work and helping me write the best dissertation I could. 

This entire Department of Mechanical and Aerospace Engineering at SU and 

Department of Mechanical Engineering at UNR have been a second home to me for the 

last five years. All the faculty, staff, and fellow graduate students provided a positive and 

dynamic environment to study. I would like to express my special gratitude to Hind, Karen, 

Bruce, Bill, Tim, and Thomas for all your hard work to help me in the department 

throughout my study here. Your support was indispensable for navigating the challenges 

and bureaucracies of my PhD life. I know that with you the department can only continue 

to improve. 



vii 

 

Thank you to Amir, Shuai, Chenxu, Zach, Jason, Farshad, Guangchao, Yanbing and the 

rest of SRG for creating such a fun and positive environment and helping me on the 

projects.  

 I would also like to thank my friends to make this experience worthwhile. There are 

too many of you to name one by one given the limited space here.  

I would like to thank my parents and my siblings for their support, encouragement and 

sacrifices throughout my life. You have believed in me from the beginning and I am always 

grateful to you.   



viii 

 

Table of Contents 

Abstract ......................................................................................................................................... i 

Acknowledgements ..................................................................................................................... vi 

Table of Contents ...................................................................................................................... viii 

List of Figures ............................................................................................................................. xi 

List of Tables ............................................................................................................................ xvi 

List of Publications .................................................................................................................. xvii 

PREFACE ............................................................................................................................... xviii 

Chapter 1 – Introduction .............................................................................. 1 

1.1 Tunable Mechanical stiffness Smart Materials ...................................................................... 4 

1.2 Unmanned Arial Vehicle via Tunable Stiffness .................................................................... 8 

1.3 Dynamically Tunable Friction ............................................................................................. 11 

Chapter 2 – Robust Bicontinuous Metal-Elastomer Foam Composites 

with Highly Tunable Mechanical Stiffness for Soft Robotics .................15 

2.1 Introduction .......................................................................................................................... 15 

2.2 Results and Discussion ........................................................................................................ 16 

2.2.1 Fabrication ........................................................................................................................ 18 

2.2.2 Characterization ................................................................................................................ 20 

2.3 Conclusion ........................................................................................................................... 29 

2.4 Experimental Section ........................................................................................................... 30 

2.4.1 Mechanical Testing: .......................................................................................................... 30 

2.4.2 Foam Porosity Measurements: .......................................................................................... 30 

2.5 Appendix .............................................................................................................................. 31 

2.5.1 Structure Quantification via n-Point Correlation Functions ............................................. 31 

2.5.2 Modeling and Experimental Results on Young’s Modulus of Smart Composites ........... 35 

Chapter 3 – Actively Morphing Drone Wing Design Enabled by Smart 

Materials for Green Unmanned Aerial Vehicles ......................................37 

3.1 Introduction .......................................................................................................................... 37 

3.2 Smart Joints Based on Novel Smart Material for Reconfigurable Drone Wing .................. 38 

3.2.1 Novel Robust Smart Materials with Large Range of Stiffness Tuning............................. 38 



ix 

 

3.2.2 Morphing Wing Development .......................................................................................... 39 

3.3 Force Analysis ..................................................................................................................... 42 

3.4 Online Adaptive Model-based Intelligent UAV Wing Shaping Control ............................. 43 

3.4.1 Problem Formulation ........................................................................................................ 44 

3.4.2 Dynamics of the UAV's Wing .......................................................................................... 46 

3.4.3 Adaptive Model-based Controller Design ........................................................................ 51 

3.4.4 Simulation Results ............................................................................................................ 53 

3.5 Discussion ............................................................................................................................ 56 

3.6 Conclusion ........................................................................................................................... 57 

Chapter 4 – Dynamically Tunable Friction via Subsurface Stiffness 

Modulation ...................................................................................................58 

4.1 Introduction .......................................................................................................................... 58 

4.2 Materials and Methods ......................................................................................................... 59 

4.2.1 Fabrication ........................................................................................................................ 62 

4.2.2 Experiments ...................................................................................................................... 62 

4.2.3 Modeling ........................................................................................................................... 65 

4.3 Results and Discussion ........................................................................................................ 68 

4.4 Robot Design and Demonstration ........................................................................................ 73 

4.4.1 Inchworm-Inspired Soft Robot ......................................................................................... 73 

4.4.1.1 Fabrication ..................................................................................................................... 74 

4.4.1.2 Mechanism ..................................................................................................................... 75 

4.4.2 Earthworm-Inspired Soft Robot ........................................................................................ 76 

4.5 Conclusions .......................................................................................................................... 78 

4.6 Appendix .............................................................................................................................. 79 

4.6.1 Finite Element Analysis (FEA) ......................................................................................... 79 

Chapter 5 – LMPA Wool Sponge Based Smart Materials with Tunable 

Electrical Conductivity and Mechanical Stiffness for Soft Robotics ......81 

5.1 Introduction .......................................................................................................................... 82 

5.2 Results and Discussion ........................................................................................................ 83 

5.2.1 Fabrication ........................................................................................................................ 85 

5.2.2 Electrical Properties Characterization ............................................................................... 86 

5.2.3 Mechanical Properties Characterization ........................................................................... 91 



x 

 

5.3 Conclusion ........................................................................................................................... 93 

5.4 Experimental Section ........................................................................................................... 93 

5.4.1 Mechanical Testing: .......................................................................................................... 93 

5.4.2 Electrical Properties Testing: ............................................................................................ 94 

5.4.3 Volume Fractions Measurements: .................................................................................... 94 

Chapter 6 – Contributions and Future Work ...........................................96 

5.1 Contributions ....................................................................................................................... 96 

5.2 Future Work ......................................................................................................................... 99 

Bibliography ...............................................................................................101 

Resume ........................................................................................................115 

 

  



xi 

 

List of Figures 

Figure 1-1: Experimental possibilities in the study of the influence of external magnetic field on 

the elastic modulus of the isotropic and anisotropic elastomers. (Reprinted from Ref. [47], with 

permission from Elsevier) ................................................................................................................ 5 

Figure 1-2: Stiffness tunable composite embedded with Field's metal strip and liquid-phase 

Galinstan heater. (Ref. [34] “© IOP Publishing. Reproduced with permission. All rights 

reserved”) ......................................................................................................................................... 6 

Figure 1-3: Abiotic rigidity tuning is accomplished with an elastomeric composite composed of 

conductive propylene-based elastomer (cPBE) embedded in polydimethylsiloxane (PDMS). (Ref. 

[35],  “© IOP Publishing. Reproduced with permission. All rights reserved”) ............................... 7 

Figure 1-4: Tunable stiffness composite of a silicone foam imbibed with Field's metal (Ref. [36]. 

© WILEY-VCH Verlag GmbH & Co. Reproduced with permission. All rights reserved.) ............ 8 

Figure 1-5: Construction of shape-changing structures from discrete lattice building-block 

elements. (Republished with permission of Mary Ann Liebert Inc., from Ref. [94]; permission 

conveyed through Copyright Clearance Center, Inc.) .................................................................... 10 

Figure 1-6: Pneumatically actuated multi-gait soft crawling robot [117]. ..................................... 12 

Figure 1-7: Design of an amphibious climbing soft robot (ACSR). ( Used with permission of 

Mary Ann Liebert Inc., from Ref. [118]; permission conveyed through Copyright Clearance 

Center, Inc.) ................................................................................................................................... 13 

Figure 2-1: a) Side view of the metal foam. b) top view of a metal foam slice. c) A rectangular-

shaped smart composite sample containing an LMPA foam infiltrated by a PDMS matrix. d) 

Schematic of the bicontinuous elastomer-LMPA smart composite wrapped around by an external 

layer of elastomer. e) a non-activated composite beam with no dead weight applied. f) The non-

activated composite beam with 100 g dead weight applied on its free end. g) The activated 



xii 

 

composite beam with 100 g dead weight applied on its free end. h) A PDMS beam of the same 

dimensions as the smart composite beam in panels (e-g) with no dead weight applied. i) The 

PDMS beam in panel h with 100 g dead weight applied on its free end. ...................................... 17 

Figure 2-2: a) The experimental setup, and b) the fabrication procedures for the LMPA foam. ... 19 

Figure 2-3: Stress-strain curves for smart composite samples in non-activated cases. The 

experimentally measured porosity information is provided for each sample. ............................... 20 

Figure 2-4: a) A typical stress-strain curve of the smart composite. b) Young’s modulus values 

from experiments and simulation compared to the upper and lower bounds based on the Hashin–

Shtrikman model and rule of mixtures. c) Comparison of porosities and Young’s modulus 

obtained from experiments and simulation for each smart composite sample. d)  Optical (left) and 

processed binary (right) images of smart composite samples. ....................................................... 24 

Figure 2-5: Optical (left) and binary (right) images of the 9 smart composite samples 

characterized for Young’s modulus and porosity in nonactivated cases. ...................................... 36 

Figure 3-1: a, b) Side view and top view of the LMPA foam; c) smart composite containing the 

LMPA foam and an infiltrating and wrapping elastomer matrix. d) smart joint ........................... 39 

Figure 3-2: a) Drone prototype; b) Top view of the whole drone prototype; c) The smart joint 

installed on the reconfigurable drone wing prototype ................................................................... 40 

Figure 3-3: Schematics of the airfoil and the applied forces. ........................................................ 41 

Figure 3-4: Bending of the smart composite joint upon pulling from the electromotor. ............... 42 

Figure 3-5: Schematic of fixed and deflected parts of the wing. ................................................... 45 

Figure 3-6: The block diagram of the adaptive controller. The reference trajectory is assumed to 

be known. ....................................................................................................................................... 53 

Figure 3-7: The desired and actual angle of joint 1 with respect to time. The orange curve is the 

desired angle and the blue curve represents the actual angle. The controller engages at 4s. ......... 54 

file://///hd.ad.syr.edu/01/b6fe2e/Documents/Desktop/Dissertations/Siavash%20Sharifi/Siavash%20Sharifi-PhD-dissertation%2007222022%20.docx%23_Toc109407443
file://///hd.ad.syr.edu/01/b6fe2e/Documents/Desktop/Dissertations/Siavash%20Sharifi/Siavash%20Sharifi-PhD-dissertation%2007222022%20.docx%23_Toc109407443


xiii 

 

Figure 3-8: The desired and actual angle of joint 2 with respect to time. The orange curve is the 

desired angle and the blue curve represents the actual angle. The controller engages at 4s. ......... 55 

Figure 3-9: The tracking error of both joints using the adaptive controller. The controller engages 

at 4s. ............................................................................................................................................... 55 

Figure 3-10: The tracking error of both joints using the traditional PD controller. The controller 

engages at 4s. ................................................................................................................................. 56 

Figure 4-1: A) Close-up view of the composite pad with tunable CoF B) The soft crawling 

inchworm inspired robot with two composite pads at the ends. C) The soft crawling earthworm 

inspired robot with two composite pads at the ends. ..................................................................... 59 

Figure 4-2: A) Exploded view of the schematics for composite pads with tunable CoF, PDMS 

(Blue) LMPA (Silver). B) Optical image of the fabricated LMPA channels (shiny) in the 

composite pads (top view). ............................................................................................................ 61 

Figure 4-3: Schematics of the fabrication process. ........................................................................ 64 

Figure 4-4: Schematics of the friction characterization setup. ....................................................... 64 

Figure 4-5: Snapshots captured by a thermal camera to measure the surface temperature of the 

composite pad during the experiments. A) Thermal view. B) Normal view. ................................ 67 

Figure 4-6: Schematic illustration of the geometry model in ABAQUS for deactivated (A) and 

activated (B) composite pad sample. The geometric parameters are R = 1.585 mm, h = 1.2 mm, w 

= 0.2 mm, d = 0.8 mm, h_L= 0.5 mm, h_t= 0.4 mm. .................................................................... 68 

Figure 4-7: Example CoF vs Time for the non-activated and activated composite pad samples. . 70 

Figure 4-8: Static Coefficient of Friction between samples with different upper layer thicknesses 

and the steel ball. At least three samples are tested for each of the nonactivated cases. ............... 71 

Figure 4-9: A. The deformation of the deactivated and activated pads under normal force 0.951 N. 

The color represents the Mises stress (MPa). B. The CoFs of the deactivated and activated 

composite pads from simulations. .................................................................................................. 73 



xiv 

 

Figure 4-10: Illustration of the inchworm inspired soft robot crawling forward. A) Activating the 

front pad. B) By pressurizing the soft body, the rear pad moves forward. C) Deactivating the front 

pad and activating the rear pad followed by releasing the air from the robot, the front pad moves 

forward. .......................................................................................................................................... 76 

Figure 4-11: Illustration of the earthworm inspired soft robot crawling forward. A) Activating the 

rear pad. B) By extending the nitinol spring, the front pad moves forward. C) Deactivating the 

rear pad and activating the front pad followed by deactivation of the nitinol spring the rear pad 

slides forward during contraction of the spring. ............................................................................ 78 

Figure 4-12: The CoFs of the de-activated and activated composite pads from simulations. The 

normal force is kept as 0.951 N while the shear stress limit is 0.3 MPa for panel A and 0.4 MPa 

for panel B. .................................................................................................................................... 80 

Figure 5-1: A) Field metal wool sponge. B) Field metal wool sponge and SMP composite. C) 

Field metal wool sponge and SMP composite plus fields metal micro particles. C) A non-

activated composite beam with 200 g dead weight applied. D) The activated composite beam with 

200 g dead weight applied. ............................................................................................................ 84 

Figure 5-2: The fabrication procedures of the Fields metal sponge based smart composites. ....... 86 

Figure 5-3: A and B) Micro-CT scanning images of the fields metal sponge and SMP plus micro 

particles. C and D) SEM scanning images of fields metal sponge and SMP composite. E and F) 

SEM scanning images of fields metal sponge and SMP composite plus fields metal micro 

particles. ......................................................................................................................................... 89 

Figure 5-3: A) Electrical conductivity of the composites with different Field’s Metal Sponge 

(FMS) and Field’s Metal Particles (FMP) volume fractions. B) Electrical resistivity of the 

composites with different FMS and FMP volume fractions. ......................................................... 90 



xv 

 

Figure 5-5: A) Young’s moduli of the smart composites in the non-activated and activated states 

with different FM volume fractions. B) Stress-strain plot of the smart composites in the non-

activated and activated states with different FM volume fractions. ............................................... 92 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvi 

 

List of Tables 

Table 1-1: The classification of the main soft robotics actuation technologies [same as 

text]. .................................................................................................................................... 2 

Table 2-1: Rule of mixtures bounds for smart composite samples. .................................. 23 

Table 2-2: The Hashin-Shtrikman bounds for smart composite samples. ........................ 23 

Table 2-3: Experimental and modeling results of porosity and stiffness of 9 non-activated 

smart composite samples. ................................................................................................. 26 

Table 2-4: Activated samples experimental results and their modeling results for the non-

activated state. ................................................................................................................... 28 

Table 4-1: The material properties of the composite pad sample that are used in the FEA 

simulation (Mohammadi Nasab et al., 2020). ................................................................... 79 

Table 4-2: Unit system used in ABAQUS. ....................................................................... 80 



xvii 

 

List of Publications 

This dissertation is mainly based on papers [6, 8, 9], for which I am the primary student 

contributor:  

Reverse Chronological Order; * Corresponding Author; o Co-first Author. 

  

[9] Sharifi, S., Zhou, Z., Mohammadi Nasab, A., Gu, Y.,  Xu, H., and  Shan, W. Smart 

Material Based Intelligent Active Morphing Wing Design for Green Unmanned Aerial 

Vehicles. (In preparation) 

[8] Sharifi, S., Mohammadi Nasab, A., Chen, P., Liao, Y., Jiao, Y. and Shan, W., 2022. 

Robust Bicontinuous Elastomer–Metal Foam Composites with Highly Tunable 

Stiffness. Adv. Eng. Mater. 2101533. 

[7] Mohammadi Nasab, A., Stampfli, P., Sharifi, S., Luo, A., Turner, K.T. and Shan, W., 

2022. Dynamically Tunable Dry Adhesion through a Subsurface Thin Layer with 

Tunable Stiffness. Advanced Materials Interfaces, p.2102080. 

[6] Sharifi, S., Rux, C., Sparling, N., Wan, G., Mohammadi Nasab, A., Siddaiah, A., 

Menezes, P., Zhang, T. and Shan, W., 2021. Dynamically Tunable Friction via 

Subsurface Stiffness Modulation. Frontiers in Robotics and AI, 8, p.191. 

[5] Mohammadi Nasab, A., Sharifi, S., Chen, S., Jiao, Y. and Shan, W., 2021. Robust 

Three‐Component Elastomer–Particle–Fiber Composites with Tunable Properties for 

Soft Robotics. Advanced Intelligent Systems, 3(2), p.2000166.  

[4] Mohammadi Nasab, A., Luo, A., Sharifi, S., Turner, K.T. and Shan, W., 2020. 

Switchable adhesion via subsurface pressure modulation. ACS Applied Materials & 

Interfaces, 12(24), pp.27717-27725.  

[3] Sharifi, S., Tivay, A., Rezaei, S.M., Zareinejad, M. and Mollaei-Dariani, B., 2018. 

Leakage fault detection in Electro-Hydraulic Servo Systems using a nonlinear 

representation learning approach. ISA transactions, 73, pp.154-164.  

[2] Sharifi, S., Rezaei, S.M., Tivay, A., Soleymani, F. and Zareinejad, M., 2016, October. 

Multi-class fault detection in electro-hydraulic servo systems using support vector 

machines. In 2016 4th International Conference on Robotics and Mechatronics 

(ICROM) (pp. 252-257). IEEE. 

[1] Soleymani, F., Rezaei, S.M., Sharifi, S. and Zareinejad, M., 2016, October. Position 

control of a servo-pneumatic actuator using generalized Maxwell-Slip friction model. 

In 2016 4th International Conference on Robotics and Mechatronics (ICROM) (pp. 

246-251). IEEE.  



xviii 

 

PREFACE 

This dissertation is submitted in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy in Mechanical and Aerospace Engineering from Syracuse 

University. The research presented in this dissertation was conducted under supervision of 

Dr. Wanliang Shan in the Mechanical and Aerospace Engineering Department, Syracuse 

University. 

This work is to the best of my knowledge original, except where acknowledgments and 

references are made to previous work. 

This work has been presented in the following publications: 

Chapter 2: 

Sharifi, S., Mohammadi Nasab, A., Chen, P., Liao, Y., Jiao, Y. and Shan, W., 2022. Robust 

Bicontinuous Elastomer–Metal Foam Composites with Highly Tunable Stiffness. Adv. 

Eng. Mater. 2101533. 

 Chapter 3: 

Sharifi, S., Zhou, Z., Mohammadi Nasab, A., Gu, Y.,  Xu, H., and  Shan, W. Smart 

Material Based Intelligent Active Morphing Wing Design for Green Unmanned Aerial 

Vehicles. (In preparation) 

Chapter 4: 

Sharifi, S., Rux, C., Sparling, N., Wan, G., Mohammadi Nasab, A., Siddaiah, A., 

Menezes, P., Zhang, T. and Shan, W., 2021. Dynamically Tunable Friction via 

Subsurface Stiffness Modulation. Frontiers in Robotics and AI, 8, p.191.



1 

 

Chapter 1 – Introduction 

Animals and organisms adapt to survive in various challenging environments through 

their bodies characteristics, such as variable stiffness, soft and compliment body parts. The 

human body has soft structures with variable stiffness such as lips and tongue as well. 

These specific structures and biomechanical characteristics, help animals to have better 

physical contact, dynamic adaptability, and subsequent response. These characteristics are 

still challenging to realize in robotics. If these challenges are addressed, more efficient and 

robust robots that can operate in different environments and have a safer interaction with 

human can be developed.   

 Kim et al. [1] defines soft robotics as the study of “robots with…bioinspired capabilities 

that permit adaptive, flexible interaction with unpredictable environments.” These robots 

are primarily made of compliant materials (e.g., silicon rubber, spring etc.), smart materials 

and variable stiffness materials. In the recent past silicone rubber has been primarily used 

to fabricate soft robots, however smart materials, fabrics, 3d printed actuators are used in 

new generation of soft robots [2]. Table 1.1 illustrates most commonly used materials in 

soft robotics, their primary factors, and characteristics.  

Soft structures can interact with the environment through stiffness tuning. Soft state 

allows dexterity and safe contact while stiff state is needed to transfer higher forces to the 

environment. There are two main approaches for on-demand stiffening of soft actuators 
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through direct activation in the literature: using active actuators positioned in an 

antagonistic way and using semiactive actuators with elastic modulus variability [3]. 

 

Table 1-1: The classification of the main soft robotics actuation technologies © 2016 IEEE. Reprinted, with 

permission from Ref. [3]. 
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Technology  Acronym Working Principle Subgroups 

Active (energy 

introducing or 

dissipating) 

Flexible 

fluidic 

actuators 

FFA A flexible inflatable structure, actuated 

by fluid. By patterning the 

flexible/elastomeric structure or by 

adding different materials to introduce 

asymmetries, the structure can be 

designed to deform into specific shapes. 

McKibben, 

fluidic 

elastomer 

actuator, 

PneuNets, 

PneuFlex 

 Shape 

memory 

materials 

SMM Materials capable of recovering a 

predetermined geometric shape 

(memorized) after a plastic deformation 

by inducing a phase transformation. At 

the base of this shape memory effect, 

there are the different mechanical 

properties associated with different 

stable phases. 

Alloys, 

polymers, 

composites 

 Electroactive 

polymers 

EAP Polymers able to undergo shape 

deformation when electric fields are 

applied. 

Dry (electric) 

Wet (ionic) 

 Tendon 

driven 

actuators 

- Although not soft actuators per se, if the 

tendons are remotely pulled, they 

present very low flexural stiffness and 

are often used in continuous soft robots. 

- 

Semiactive 

(energy 

dissipating 

only) 

Material 

jamming 

- Systems composed of an external 

membrane and filler. By applying a 

vacuum, the membrane collapses on the 

filling material, increasing the density 

and the stiffness of the entire system. 

Granular, layer 

 Electro- and 

magneto-

rheoogical 

materials 

ERM, 

MRM 

Materials embedding magnetic or 

electric particles. When subjected to an 

external magnetic or electric field, the 

particles orient and build chains in 

response to the interparticle interaction. 

This translates into an increased 

resistance to deformation 

ERMs: fluids, 

elastomers 

MRMs: fluids, 

elastomers 

 Low melting 

point 

materials 

LMPM Materials featuring a low melting 

temperature, in which a phase change 

can be rapidly obtained with a thermal 

input. 

Alloys, 

polymers 
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1.1 Tunable Mechanical stiffness Smart Materials 

Composite materials with tunable stiffness are mechanically stiff under one set of 

conditions and soft under another (e.g., when under a voltage). These smart composites 

have many practical applications as artificial muscles and actuators in robotics [4]–[20] 

and assistive wearable devices [21]–[26]. Dynamically tunable reversible stiffness enables 

robots to actively change their shapes and elastic deformation to adapt to complex 

environments and realize their functionalities [9], [26], [27]. For example, smart 

composites with tunable stiffness have enabled novel design of smart adhesives with 

dynamically tunable dry adhesion [9], which can be used as compliant grippers for pick-

and-place manufacturing and transfer printing of semiconductors [26], as well as 

locomotion mechanisms for climbing robots [27]. 

Existing approaches to variable stiffness can be roughly grouped into two different 

categories: changing shape/geometry, and altering material properties [18]. The second 

category typically involves using active materials such as piezoelectric materials, and 

adaptive (semi-active) materials such as shape memory polymers and shape memory 

alloys, which have low energy requirement for activation [28]–[31]. There have been many 

studies that use adaptive materials to achieve stiffness tuning [32]–[47]. For example, 

Varga et al. [47] distributed carbonyl iron particles into a polymer network to realize such 

composites. When exposed to an external magnetic field, the carbonyl iron particles form 

a chain-like structure parallel to the magnetics field direction that increases the elastic 

modulus of the composites (Figure 1-1). 
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Figure 1-1: Experimental possibilities in the study of the influence of external magnetic field on the elastic 

modulus of the isotropic and anisotropic elastomers. (Reprinted from Ref. [47], with permission from 

Elsevier)  

Recently, many have taken advantage of the phase change of Low Melting Point Alloys 

(LMPA) to reversibly tune the elastic rigidity of the elastomeric composite containing 

LMPA layers, particles, and foams [34]. 

In one such study, a multi-layered composite with electrically tunable elastic rigidity is 

proposed. The phase-changing alloy has been utilized to reversibly tune the elastic rigidity 

of an elastomer [34] (Figure 1-2). 
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Figure 1-2: Stiffness tunable composite embedded with Field's metal strip and liquid-phase Galinstan 

heater. (Ref. [34] “© IOP Publishing. Reproduced with permission. All rights reserved”) 

Shan et al. [35] introduced a conductive elastomeric material that can change its stiffness 

when powered with electricity. In the rigid state, its Young's modulus is 175.5 MPa. This 

conductive propylene-based elastomer (cPBE) becomes soft when its temperature is above 

75°C due to Joule heating. A composite of cPBE-PDMS was created such that its tensile 

Young's modulus varies from 37 MPa to 1.5 MPa and the composite can return to its 

original shape when external loading is removed in activated state (Figure 1-3). 
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In another study, an elastomer foam is infiltrated with melted LMPA to form a foam 

composite, whose Young’s modulus can be reduced by 18 times when externally heated 

above the LMPA’s melting point [36] (Figure 1-4). 

 

Figure 1-3: Abiotic rigidity tuning is accomplished with an elastomeric composite composed of conductive 

propylene-based elastomer (cPBE) embedded in polydimethylsiloxane (PDMS). (Ref. [35],  “© IOP 

Publishing. Reproduced with permission. All rights reserved”) 



8 

 

 

Figure 1-4: Tunable stiffness composite of a silicone foam imbibed with Field's metal (Ref. [36]. © 

WILEY-VCH Verlag GmbH & Co. Reproduced with permission. All rights reserved.) 

1.2 Unmanned Arial Vehicle via Tunable Stiffness  

Unmanned Aerial Vehicles (UAVs) have attracted enormous interest for both military and 

civilian applications recently [48]–[62]. The Federal Aviation Administration (FAA) is 

currently expecting over 10,000 commercial UAVs in the National Airspace System by 

2020 and $94 billion in related spending over the next ten years. As the integration of 

UAVs involves a range of innovative technologies, the breadth of UAV applications and 

the demand for improved UAV performance are also expected to grow.  
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The aerodynamic efficiency of fixed-wing drones is higher than multicopters with the same 

mass [63], [64]. This higher aerodynamic efficiency enables them to fly longer distances 

with lower energy consumption compared to multicopters. However, navigation of fixed-

wing drones in complex environments is still challenging and a topic of current research 

[63], [64]. In fixed-wing drones, the non-flexible wings have a limited operating condition 

range and thus cannot provide the dynamic requirements to satisfy changing flight 

conditions [65]–[67]. To better reap advantages from UAVs, it is critical to develop novel 

techniques that can further improve their aerodynamic efficiency, lower their energy 

consumption, and enhance their agility and maneuverability [68], [69].   

Recently, two novel concepts, aircraft aerodynamic control surfaces and active morphing 

wings, have been proposed to reduce aircraft drag and fuel consumption [69]–[87]. For 

example, Luca et al. developed morphing wings inspired by bird feathers, where artificial 

feathers can be folded actively to change the shape of the wing to improve the aerodynamic 

performance of small drones [80]. In the last decade, soft robotic systems that can achieve 

dynamic shape and stiffness change have been developed, many of which were enabled by 

smart material components with tunable stiffness [9], [34], [86], [88]–[92], mimicking 

those soft/hybrid biological machines [93]. Smart structures with tunable stiffness have 

recently been incorporated into the design of morphing wings to improve the performance 

of UAVs. For example, Ramrakhyani et al. designed a morphing wing based on a tendon-

actuated compliant cellular truss, where an octahedral unit cell was developed for bending-

type deformation of the UAV wing [86]. The designed wing is comparable to the 

conventional wing in terms of weight, but the deflection can be larger. 
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Another study by Jenett et al. introduced a new type of digital morphing wing based on 

lattice-based cellular structures with low density and high specific stiffness [94] (Figure 1-

5). 

 

Figure 1-5: Construction of shape-changing structures from discrete lattice building-block elements. 

(Republished with permission of Mary Ann Liebert Inc., from Ref. [94]; permission conveyed through 

Copyright Clearance Center, Inc.) 

Due to the structural complexity of these mechanisms, there are challenges in maintaining 

the structure and functionality, as well as robust control of their performance. To date, it 

remains an open problem to create a structurally simple morphing wing system capable of 

maximizing UAV aerodynamics efficiency through fast and adaptive wing-shape 

adjustment.  
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1.3 Dynamically Tunable Friction  

Many of soft robots are inspired by biological creatures and processes. Untethered soft 

robots can potentially match the abilities of these biological creatures. These soft robots 

have many potential applications including surveillance [95]–[97], search-and-rescue 

missions [98]–[100], space exploration [101], [102], and others [22], [80], [103], [104].   

In nature, many soft crawling animals make movements by shortening and lengthening 

their bodies [105]–[108]. Many studies focused on mimicking these 

shortening/lengthening maneuvers to achieve robotic locomotion [109], [110]. For 

example, Trimmer et al. developed a caterpillar robot using shape memory alloy (SMA) 

springs and elastomers, which is able to deform and crumple into a small volume [109]. In 

another study a 3D-printed soft robot was introduced, which is able to generate inching and 

crawling locomotion [111]. This soft robot’s feet are made of two different materials with 

different coefficients of friction (CoF). The posture of the robot can be changed to change 

the CoF of the robot bases. Most recently, Huang et al. introduced a bioinspired soft robot 

with actuation from SMA wires. To overcome the longstanding issue of long cooling time 

for SMA actuators, the SMA wires were embedded in a thermally conductive elastomer 

[112].  

Many of the soft crawling robots that have been developed rely on pneumatics and 

asymmetry in structure and geometry for locomotion [113]–[116]. Shepherd et al. 

developed a pneumatically actuated multi-gait soft crawling robot, which is able to do 

sophisticated locomotion, including crawling and undulating underneath a short gap [117] 

(Figure 1-6). 
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Figure 1-6: Pneumatically actuated multi-gait soft crawling robot [117]. 

 

This design of soft crawling robot relies on pneumatics combined with asymmetry in the 

geometry and structure of the robot body to generate locomotion. In a more recent work by 

Tang et al., a switchable adhesion actuator was introduced for the gripping feet of a 

crawling robot [118] (Figure 1-7). 
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Figure 1-7: Design of an amphibious climbing soft robot (ACSR). ( Used with permission of Mary Ann 

Liebert Inc., from Ref. [118]; permission conveyed through Copyright Clearance Center, Inc.) 

 

Adhesion switching is achieved by applying positive pneumatic pressure into embedded 

spiral channels in an elastomer plate, which also contains a cylindrical chamber underneath 

the channels. When pressurized, the spiral channels expand and the cylindrical chamber’s 

volume increases, which creates adhesion of the whole elastomer plate to the adhering 

substrates. In another study, the potential design of 1D soft crawling robots based on 

dynamically tunable friction coefficient is explored using the combination of theory and 

simulation [119].  

In this dissertation soft robotic mechanisms integrating stiffness tunable materials and 

innovate smart materials are explored to develop better versions of such soft robotic 

mechanisms. The rest of this document is organized as follows. In chapter 2, Robust 

bicontinuous metal-elastomer foam composites with highly tunable mechanical stiffness 
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for soft robotics is investigated. In chapter 3, actively morphing drone wing design enabled 

by smart materials for green unmanned aerial vehicles is discussed. In chapter 4, 

dynamically tunable friction via subsurface stiffness modulation is presented. In chapter 5, 

a novel class of robust LMPA wool sponge based smart composites with electrical tunable 

conductivity and tunable mechanical stiffness are introduced and characterized. The 

contributions and future work are provided in chapter 6. 
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Chapter 2 – Robust Bicontinuous Metal-

Elastomer Foam Composites with Highly 

Tunable Mechanical Stiffness for Soft 

Robotics 

Recent instances of smart composite materials with tunable mechanical stiffness still 

suffer from many drawbacks. For example, there is insufficient change in mechanical 

stiffness due to the fact that stiffness change comes from glass transition of the elastomer 

co-polymer matrix [35] or lack of connectivity in the LMPA component [36], neither of 

which allows the composites to be rigid enough in the non-activated state. In addition, 

there are robustness and reversibility issues. For example, for the multilayer composite 

containing a LMPA layer for rigidity tuning [34], it is a heterogeneous structure rather 

than a homogenous material, which makes it hard to return to its original shape after large 

deformation. Thus, there exists a need for novel composite materials with improved 

tunable properties and improved robustness.  

2.1 Introduction 

In this work, we address these limitations by proposing and demonstrating a class of 

robust bicontinuous elastomer-LMPA foam composites with highly tunable mechanical 
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stiffness (Figure 2-1). These composites are a bicontinuous network of two foams, one 

metallic, made of LMPA, and the other elastomeric, made of polydimethylsiloxane 

(PDMS). The stiffness of the composites can be tuned by inducing phase changes in the 

LMPA component. The LMPA used in this study is Cerrolow 117 (composition by 

weight: 45% bismuth, 23% lead, 19% indium, 8% tin, and 5% cadmium), which melts at 

47.2 °C. Below 47.2 °C, the composite is stiff and behaves like a solid metal. Above 47.2 

°C, Cerrolow 117 becomes liquid, therefore the mechanical properties of the polymer 

foam dominate the composite’s mechanical properties. Cerrolow 117 has a high elastic 

modulus of ≅ 8.5 GPa at room temperature (obtained using tensile tests on three standard 

samples in this study), while PDMS has an elastic modulus of ≅ 2 MPa [34]. Taking 

advantage of the mechanical properties of both materials makes possible the wide range 

of stiffness tuning and shape morphing. A sharp stiffness change of ~1000× can be 

realized through the proposed bicontinuous foam composites, which is higher than most 

of the aforementioned previous studies, except for the multilayered one with robustness 

issue [34]. 

2.2 Results and Discussion 

 The optical images of the LMPA foam and the bicontinuous composite made of the 

LMPA foam infiltrated by PDMS, as well as a schematic of the bicontinuous smart 

composite are shown in (Figure 2-1) (a-d). Improved robustness of this novel smart 

material compared with previously reported ones can be inferred from the more 

homogenous distribution of the LMPA phase inside the composite. The deflections of a 

composite beam in both activated and nonactivated status are compared in (Figure 2-1) 
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(e-g). The activation time is affected by the heating power of the heat gun used, while 

deactivation can be faster if active cooling is adopted. The deflection of a PDMS beam 

with the same geometry as the composite one under the same load is shown in (Figure 2-

1) (h, i). As can be observed, the smart composite in the non-activated state is much 

stiffer than the pure PDMS as its deflection is much lower under the same load. 

Additionally, the activated smart composite is even softer than the pure PDMS beam with 

the same geometry as the deflections indicate. 

 

Figure 2-1: a) Side view of the metal foam. b) top view of a metal foam slice. c) A rectangular-shaped 

smart composite sample containing an LMPA foam infiltrated by a PDMS matrix. d) Schematic of the 

bicontinuous elastomer-LMPA smart composite wrapped around by an external layer of elastomer. e) a 

non-activated composite beam with no dead weight applied. f) The non-activated composite beam with 100 

g dead weight applied on its free end. g) The activated composite beam with 100 g dead weight applied on 

its free end. h) A PDMS beam of the same dimensions as the smart composite beam in panels (e-g) with no 

dead weight applied. i) The PDMS beam in panel h with 100 g dead weight applied on its free end. 
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2.2.1 Fabrication 

To fabricate this bicontinuous composite, an LMPA foam containing a well-

connected network of pores is formed first. Here, we used a replication procedure that has 

been used to make open-cell aluminum foams [120]–[122]. to prepare the LMPA foam. 

The experimental setup is illustrated in Figure 2-2 (a). A step-by-step procedure of 

LMPA foam fabrication is shown in Figure 2-2 (b). The first step is pouring table salt 

particles into a mold cylinder, followed by placing the prepared metal on top of the salt 

particles. After that, the lid of the mold is sealed with a soft washer. At this stage, the top 

of the lid is attached to the valve system, and all valves of the system are closed. Next, 

the mold is placed on a hot plate set to 86 ℃. The valve connecting the vacuum pump 

with the mold is then opened and left open for about two hours. Next, all the valves of the 

system are closed. The main valve of the argon gas tank is then opened, and the 

infiltration pressure is set with the regulator valve (≈120 psi). The valve of argon gas is 

left open until the mold completely cools. Pressurized argon gas is used here to drive the 

melted LMPA into the salt particles, because the melted LMPA doesn’t wet the salt, 

which is a common phenomenon for most molten metals in contact with ionic solids 

[121]. Next, the valve system is detached, and the mold lid is removed. The salt-LMPA 

foam is taken out from the mold and cut using a saw. Finally, the salt-LMPA foam is 

placed in a beaker with water and a magnetic stirring bar on a stirring plate to dissolve 

the salt particles. The next step is to fill the pores of the LMPA foam with PDMS by 

embedding the foam into a 3d-printed mold, casting uncured PDMS into the mold, and 

then curing the PDMS.  In addition, at this stage, a thin layer of PDMS (~1 mm thick) is 
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added around the LMPA foam to prevent leaking of the LMPA when it’s in the liquid 

state. The final smart composite is shown in Figure 2-1 (c). 

 

Figure 2-2: a) The experimental setup, and b) the fabrication procedures for the LMPA foam.  
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2.2.2 Characterization 

The stress-strain behaviors of the fabricated smart composites are systematically 

characterized. These smart materials are rigid at temperatures below the melting point of 

Cerrolow 117 (47.2 ℃) and thus are able to hold an external load at room temperature 

without much deflection as shown in Figure 2-1 (f). As the smart composites are highly 

electrically conductive and cannot be directly heated through Joule heating, a heat gun is 

used to activate them. For the nonactivated case, 9 different smart composite samples with 

the geometry of (37.96 ± 1.107) * (20.22 ± 0.212) * (3.06 ± 0.495) mm3 are used to measure 

the Young’s modulus. Figure 2-3 shows the stress-strain plots for these samples. As shown, 

all samples yield within 1% of strain, which is consistent with what is observed for pure 

Cerrolow 117 samples. 

 

Figure 2-3: Stress-strain curves for smart composite samples in non-activated cases. The experimentally 

measured porosity information is provided for each sample.  
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 The composite sample surfaces are polished to remove excess PDMS that can 

jeopardize firm clamping. Using a direct method (see Experimental Section for more 

details), the porosities of these composite samples are measured to be from 20% to 63%. 

Figure 2-1 (c) is an optical image of one of these composite samples, and Figure 2-4 (a) 

illustrates a typical stress-strain curve of these composite samples. The slope of the initial 

linear part of Figure 2-4 (a) is used to calculate the Young’s modulus of these composites. 

Figure 2-4 (b) shows how the measured Young’s modulus of the 9 composite samples at 

room temperature changes with the porosity measured using experiments, whereas the bar 

plot in Figure 2-4 (c) presents the same data using sample number as the x-axis.  

To put the experimental measurements in context, we have calculated the upper and lower 

bounds of the Young’s moduli for these composite samples using rule of mixtures and the 

tighter Hashin–Shtrikman bounds [123] (Table 2-1 and 2-2) and included these in the log 

plot in Figure 2-4 (b). 

Rule of mixtures upper and lower bounds for Young’s modulus of two-component 

composites are calculated using the following equations: 

 

𝑬𝒖 = 𝒇 ∗ (𝑬𝒑𝒅𝒎𝒔) + (𝟏 − 𝒇) ∗ 𝑬𝒍𝒎𝒑𝒂 (2-1) 

 

𝐸𝐿 = (
𝑓

𝐸𝑝𝑑𝑚𝑠
+

(1 − 𝑓)

𝐸𝑙𝑚𝑝𝑎
)−1 (2-2) 

 

Eu = Upper bound Young’s Modulus 

EL = Lower bound Young’s Modulus 

f = porosity of sample 

Epdms = Young’s Modulus of PDMS (2 MPa) 
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Elmpa = Young’s Modulus of LMPA (8.5 GPa) 

 

The predicted upper and lower bounds of Young’s modulus for the smart composites in 

non-activated case based on rule of mixtures are presented in Table 2-1. 

The Hashin-Shtrikman bounds are calculated using the following equations [123]: 

 

𝑲𝑯𝑺
± = 𝑲𝟐 +

𝝓𝟏

(𝑲𝟏 − 𝑲𝟐)−𝟏 + (𝟏 − 𝝓𝟏) (𝑲𝟐 −
𝟒
𝟑 𝑮𝟐)

−𝟏 
(2-3) 

 

𝑮𝑯𝑺
± = 𝑮𝟐 +

𝝓𝟏

(𝑮𝟏 − 𝑮𝟐)−𝟏 +
𝟐(𝟏 − 𝝓𝟏)(𝑲𝟐 + 𝟐𝑮𝟐)

𝟐𝑮𝟐 (𝑲𝟐 +
𝟒
𝟑 𝑮𝟐)

 
(2-4) 

 

where 𝜙 is volume fraction, and K and G are bulk and shear moduli, respectively. The bulk 

and shear moduli of PDMS are 333 MPa and 667 KPa, and the bulk and shear moduli of 

LMPA are 7.48 GPa and 2.55 GPa, respectively, using the following relationship between 

E, K, and G: 

𝐸 =
9𝐾𝐺

3𝐾 + 𝐺
 (2-5) 

 Note that, the upper bound is calculated when K2 > K1 and the lower bound is obtained 

by interchanging the indices. Table 2-2 shows upper and lower bounds of bulk, shear and 

Young’s moduli. 
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Table 2-1: Rule of mixtures bounds for smart composite samples. 

Experimentally Measured 

Porosity (%) 

Upper Bound Young’s 

Modulus (MPa) 

Lower Bound Young’s 

Modulus (MPa) 

20 6800.4 9.991 

27 6205.54 7.403 

28 6120.56 7.139 

37 5355.74 5.403 

39 5185.78 5.126 

40 5100.8 4.998 

47 4505.94 4.254 

48 4420.96 4.166 

63 3163.26 3.184 

 

Table 2-2: The Hashin-Shtrikman bounds for smart composite samples. 

Experimentally 

Measured 

Porosity (%) 

𝐾𝐻𝑆
−  

(MPa) 
𝐾𝐻𝑆

+  

(MPa) 

𝐺𝐻𝑆
−  

(MPa) 
𝐺𝐻𝑆

+  

(MPa) 

𝐸𝐻𝑆
−  

(MPa) 
𝐸𝐻𝑆

+  

(MPa) 

20 1415.66 4467.47 7.30 1740.81 21.88 4622.08 

27 1102.57 3772.39 5.15 1510.96 15.45 3998.99 

28 1068.80 3682.99 4.93 1479.95 14.79 3915.41 

37 837.77 2968.59 3.49 1219.03 10.47 3216.79 

39 799.37 2828.98 3.26 1165.16 9.78 3073.53 

40 781.45 2761.44 3.16 1138.46 9.46 3003.39 

47 675.47 2326.80 2.54 962.87 7.61 2538.45 

48 662.63 2269.67 2.46 938.96 7.39 2475.52 

63 515.55 1531.63 1.64 612.44 4.92 1621.23 

 

As shown, although Hashin-Shtrikman bounds are indeed better than those based on the 

rule of mixtures, they are still too crude to estimate the modulus of the bicontinuous smart 

composite materials. A better modeling approach is needed.  
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Figure 2-4: a) A typical stress-strain curve of the smart composite. b) Young’s modulus values from 

experiments and simulation compared to the upper and lower bounds based on the Hashin–Shtrikman 

model and rule of mixtures. c) Comparison of porosities and Young’s modulus obtained from experiments 

and simulation for each smart composite sample. d)  Optical (left) and processed binary (right) images of 

smart composite samples.  

Effective-medium theory (EMT) is thus used to estimate the Young’s modulus of the 

smart composites by explicitly considering the microstructure of the smart composites, 

including both volume fractions and their high-order spatial correlations obtained from 

optical images of the cross-sections of the smart composites. In particular, we employ the 

Strong-Contrast Expansion (SCE) formalism developed by Torquato [124], which allows 

one to express the elastic moduli of a heterogeneous material as a series of integrals 

involving the individual phase properties and correlation functions Sn [125]. These 

correlation functions provide the probability of finding a specific n-point configuration in 
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the phase of interest in the material. Truncating the series at lower-order n allows one to 

derive approximations of the effective moduli. Here Sn and other microstructural 

parameters involving integrals of Sn are computed directly from 2D imaging data, 

assuming that the material is statistically homogeneous and isotropic such that the 

structural statistics and spatial correlation functions computated from a 2D slice of the 

material are representative of the actual 3D microstructure. More details about this 

procedure can be found in Section 2.5 (Appendix). 

Figure 2-4 (d) shows a side-by-side comparison between two optical images (left) of the 

sample surfaces and the corresponding processed binary plots (right) that are used for 

extraction of microstructure information of the smart composites, including porosity and 

other higher-order microstructural parameters. Figure 2-4 (d) indicate that for sample 5 

the optical image and the processed binary plot are in good match, whereas for sample 9 

there are certain areas in the binary plot that are not accurately reflecting what is in the 

optical image, which is attributed to the low contrast of these regions in the optical 

image. These artifacts could lead to inaccuracy of the computed higher-order structural 

parameters, and thus, the estimated modulus. Another possible source of inaccuracy 

involves the violation of the assumption of statistical homogeneity and isotropy of the 

material systems. Nevertheless, it can be seen in Figure 2-4 (b) that the proposed 

modeling method gives estimations on the same order as those experimental values, 

much better when compared to those from Hashin–Shtrikman model and rule of 

mixtures. Note that here in Figure 2-4 (b), the porosity data from experiments are used 

for the samples to allow for easy comparison of Young’s modulus values. Figure 2-4 (c) 
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shows the comparison of porosities and Young’s modulus measured from experiments 

for each sample along with those obtained through simulation. The sample is numbered 

in a way such that their simulated porosity is increasing. 

The Young’s moduli, and porosities of the 9 smart composite samples obtained from 

experiments and modeling efforts are summarized in Table 2-3. Note that the samples 

have been numbered according to their porosity obtained from simulation in an 

increasing order, consistent with Figure 2-3. Additionally, three other samples have been 

tested to obtain Young’s modulus in the activated state. Three tests have been performed 

on each sample. Since the samples were broken after the tensile test in the activated state, 

we have estimated their Young’s moduli with the modeling method. Also, the porosities 

of these samples have been estimated with the modeling method as well. 

Table 2-3: Experimental and modeling results of porosity and stiffness of 9 non-activated smart composite 

samples. 

Sample 

Number 

Porosity from 

Modeling (%) 

Porosity from 

Experiments (%) 

Young’s Modulus 

from Experiments 

(MPa) 

Young’s Modulus 

from Modeling 

(MPa) 

1 34.6 20 610.85 912 

2 39.8 37 644.64 878 

3 41 39 933.25 842 

4 41.3 28 380.73 775 

5 44.5 48 448.31 728 

6 45.4 40 706.02 706 

7 46 27 627.36 769 

8 46.2 47 788.87 784 

9 54.2 63 253.7 632 
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 In general, both the experiments and simulation data show a decreasing Young’s 

modulus with increasing porosity. The differences in Young’s modulus between the 

measured ones and simulated ones (maximum difference ~60%) are much smaller than 

those predictions by rule of mixtures and Hashin–Shtrikman model, indicating good 

agreement between experiments and EMT modeling. Note that Sample 6 and Sample 8 

have 45.4% and 46.2% porosity from modeling, with the elastic modulus estimated to be 

706 MPa and 784 MPa, respectively. As described earlier, porosity is not the only 

parameter that affects elastic modulus in the EMT. The SCE method used here also 

incorporated higher-order structural parameters depending on 3-point correlations of the 

phase, which were computed from the segmented 2D images. Although Sample 8 

possesses a slightly higher porosity, it also exhibits large regions of percolating metal 

phase when compared with Sample 6, which could have led to the slightly higher 

modulus. 

We also experimentally measured the Young’s modulus of the smart composites in the 

activated case. Three tests have been performed on each of the three samples with 

experimentally measured porosity 25%, 32%, and 38%, and corresponding Young’s 

modulus are tested to be 0.548 ± 0.01 MPa, 0.633 ± 0.12 MPa, and 2.3 ± 0.01 MPa, 

respectively. More details can be found in Table 2-4. EMT modeling was also conducted 

for these three activated samples to estimate their Young’s modulus at nonactivated 

status, which were predicted to be 908.2 MPa, 748.5 MPa, 833.6 MPa, respectively 

(Table 2-4). These translate to stiffness changes of 1657, 1182, and 362 times, 

respectively. It is thus deduced that these smart composites can exhibit stiffness changes 
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of three orders of magnitude, and that typically lower porosity of the LMPA foam will 

result in higher stiffness change of the bicontinuous composite.  

Table 2-4: Activated samples experimental results and their modeling results for the non-activated state. 

Porosity from 

Modeling (%) 

Porosity from 

Experiments 

(%) 

Young’s Modulus 

from Experiments in 

Activated State 

(MPa) 

Young’s Modulus 

from Modeling in 

Non-activated 

State (MPa) 

Young’s 

modulus 

changing ratio 

38 25 0.548 ± 0.01 908.2 1657 

44 32 0.633 ± 0.12 748.5 1182 

42 38 2.3 ± 0.01 833.6 362 

 

In addition, due to the elastomer matrix, these smart materials also have shape memory 

effects. Both shape fixity and shape recovery are characterized for these smart 

composites. Shape fixity, 𝑅𝑓 , is the extent to which a temporary shape can be preserved 

for a material after load removal, while shape recovery, 𝑅𝑟, is the ability of the material 

to return to its original shape after being held in a temporary shape for some time. 𝑅𝑓 =

𝜀 𝜀𝑙𝑜𝑎𝑑⁄ , where 𝜀 is the temporary strain after load removal and 𝜀𝑙𝑜𝑎𝑑 is the initial applied 

strain at the soft state. 𝑅𝑟 = (𝜀 − 𝜀𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦) 𝜀⁄ , where 𝜀𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 is the permanent strain 

after shape recovery.  

Three rectangular specimens with porosities of 21%, 25%, 31% were mounted in the 

testing system and around 9% uniaxial strain was applied to them in the activated state. 

The specimens were left to cool down for 15 min under tension and then were unmounted 

from the testing system. The retained strain in their temporary state were measured 
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between two marked points on the specimens and 𝑅𝑓 was calculated to be 85.4%, 81.8% 

and 83.7% for the samples with porosities of 21%, 25%, 31%, respectively. The samples 

were then activated using a heat gun to recover their original shape and the new lengths 

were measured and 𝑅𝑟 was calculated to be 97%, 97.6% and 98.2% for the samples with 

porosities of 21%, 25%, 31%, respectively. The average shape fixity and shape recovery 

of these smart composites are measured to be 83.6% ± 1.24% and 97.6% ± 0.35%, 

respectively, based on these three samples tested. These values are in good agreement 

with existing literature [37] and attest to the robustness of these smart composites. The 

difference between shape fixity and shape recovery is thus reasonably expected here.  

These robust smart composites with sharp stiffness change and shape memory effect can 

be used in many soft robotic applications, especially where heavy-lifting is involved. In 

Chapter 3 we demostrate a morphing drone wing enabled by these smart materials. 

2.3 Conclusion 

In conclusion, smart composites with tunable stiffness of three orders of magnitude have 

been manufactured by infiltrating an elastomer matrix into an open-connected LMPA 

foam. These composites re rigid at room temperature with a Young’s modulus ~ 1 GPa, 

and they become soft at temperatures above the LMPA’s melting point (47.2 ℃) with a 

Young’s modulus ~ 1MPa. The fabrication of these smart composites which involves 

replication and infiltration is presented, and the mechanical properties of the smart 

composites before and after activation are characterized systematically using 

experiments. Moreover, the effective medium theory is used to estimate the Young’s 
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modulus of the smart composites, which agrees well with experimental results. The smart 

composites also have shape memory effect due to their elastomeric matrix, which is 

characterized experimentally. Towards the end, we demonstrate the use of these smart 

composites as smart joints in a robotic arm lifting weights.  

2.4 Experimental Section 

2.4.1 Mechanical Testing: 

A motorized tensile test machine (Instron 6959) was used to measure the Young’s modulus 

of the smart composites. Given the difficulty in directly clamping elastomeric materials, 

we removed the sealing PDMS layer on the smart composite surface using sandpapers for 

the non-activated cases such that slipping between the sample surface and the clamping 

fixture was minimized. For activated cases, a piece of fabric was used to make the grip 

easier. The Young’s modulus value was obtained by calculating the slope of the initial 

straight portion of the stress-strain curves (Figure 3-3 (a)). 

2.4.2 Foam Porosity Measurements: 

In order to measure the porosity of the LMPA foams, we first measured the dimensions of 

each foam sample and calculated its total volume assuming no pores. Then, we immersed 

each individual foam sample into a graduated cylinder containing water. Next, we recorded 

the change in the water level marked by the graduated cylinder, and took that change to be 

the actual volume of the LMPA in the LMPA foam sample. Finally, the difference between 

the total volume of the LMPA foam and the actual volume of the LMPA was calculated to 

be the porosity volume in the foam and its percentage is calculated accordingly. 
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2.5 Appendix  

2.5.1 Structure Quantification via n-Point Correlation Functions 

In this section, we spatial correlation functions that are used for microstructural 

quantification of heterogeneous materials. In particular, we employ the n-point correlation 

function (or n-point probability function) 𝑆𝑛
(𝑖)

 for phase i quantification, which is defined 

as follows: 

                                 𝑆𝑛
(𝑖)

(𝑥1, 𝑥2, … , 𝑥𝑛) =  〈𝐼(𝑖)(𝑥1)𝐼(𝑖)(𝑥2) … 𝐼(𝑖)(𝑥𝑛)〉                       (2-6) 

where the angular brackets denote an ensemble average, and 
( ) ( )iI x is the indicator function 

for phase i, i.e., 

                                                      1   in phase 
( )

0     otherwise

i i
I


 


x
x                                              (2-7) 

The n-point correlation function ( )i

nS provides the probability of finding a specific n-point 

configuration in the phase of interest and arises from rigorous structure-property relations 

[125]–[128]. In particular, lower-order correlation functions are typically used for 

microstructure quantification as we discuss below. 

The volume fraction of phase i is then given by  

                                                                  
( )

i

i I  x                                                     (2-8) 

where <> denotes the ensemble average over many independent material samples or 

volume average over a single large sample if it is spatially “ergodic”. The two-point 

correlation function ( )

2 1 2( , )ijS x x  associated with phases i and j is defined as 

   ( )

2 1 2 1 2( , ) ( ) ( )
i jijS I I x x x x                               (2-9) 
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which also gives the probability that two randomly selected points x1 and x2 fall into phase 

i and j, respectively. In the case of a binary microstructure, we only need to consider the 

two-point correlation function associated with one of the two phases, which is typically 

referred to as the auto-correlation function and is simply denoted as 
2 1 2( , )S x x  for the phase 

of interest (e.g., the polymer phase). 

For statistically homogeneous materials, there is no preferred center in the microstructure. 

Therefore, the associated S2 depends only on the relative vector displacement between the 

two points, i.e., 

2 1 2 2 2 1 2( , ) ( ) ( )S S S  x x x x r                              (2-10) 

where r = x2 - x1. At r = 0 the auto-correlation function gives the probability that a randomly 

selected point falls into the phase of interest, i.e., the volume fraction of the associated 

phase. At large r values, the probabilities of finding the two points in the phases of interest 

are independent of one another, leading to 2

i  for the auto-correlation functions.  For a 

statistically isotropic material, S2 depends only on the scalar distance between a pair of 

points. 

 

Prediction of Elastic Properties 

Directly extracting n-point correlation functions from imaging data of the heterogeneous 

materials allows us to immediately estimate the physical properties of the material of 

interest such limited data, once the corresponding properties of individual phases are 

known. This is done by employing the strong-contrast expansion (SCE) formalism that 

analytically expresses the elastic moduli of a heterogeneous material as a series of integrals 
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involving Sn and individual phase properties [126], [129], [130]. Here, we apply the SCE 

formalism to estimate the elastic moduli of the foams and composites. For such as a 

composite microstructure in which the particle volume fraction is below the percolation 

threshold, it has been shown that truncating the expansion series at the 3rd order (involving 

S3) can already provide a highly accurate estimate of the bulk modulus K and shear modulus 

G of the system, i.e.,  

 

                                              𝛷2
к21

к𝑒1
= 1 −

(𝑑+2)(𝑑−1)𝐺1к21𝜇21

𝑑(𝐾1+2𝐺1)
𝛷1ζ2                              (2-11) 

  𝛷2
𝜇21

𝜇𝑒1
= 1 −

2𝐺1к21𝜇21

𝑑(𝐾1+2𝐺1)
𝛷1ζ2 −

(𝑑2−4)𝐺1(2𝐾1+3𝐺1)𝜇21
2

2𝑑(𝐾1+2𝐺1)2 𝛷1ζ2 −
1

2𝑑
[

𝑑𝐾1+(𝑑−2)𝐺1

𝐾1+2𝐺1
]2𝜇21

2 𝛷1η2      (2-12) 

 

Where 𝛷1and 𝛷2 are the volume fractions of phase 1 and phase 2, d is the dimension of 

the system, here d = 3, the scalar parameters к21and 𝜇21 are bulk modulus polarizability 

and shear modulus polarizability, i.e., 

                                                               к21 =
𝐾2−𝐾1

𝐾1+
2(𝑑−1)

𝑑
𝐺1

                                             (2-13) 

                                                       𝜇21 =
𝐺2−𝐺1

𝐺1+
𝐺1[

𝑑𝐾1
2

+(𝑑+1)(𝑑−2)𝐺1/𝑑]

𝐾1+2𝐺1

                                 (2-14) 

к𝑒1 and 𝜇𝑒1 will be considered as scalar effective polarizabilities. 𝐾1, 𝐺1, 𝐾2, and 𝐺2 are 

bulk and shear modulus of phase 1 and phase 2. ζ2 and η2 are the 3-pt parameters, i.e., 

 

    ζ2 =
9

2𝛷1𝛷2
∫

𝑑𝑟

𝑟
∫

𝑑𝑠

𝑠
∫ 𝑑(𝑐𝑜𝑠𝜃)𝑃2(𝑐𝑜𝑠𝜃) [𝑆3

(2)(𝑟, 𝑠, 𝑡) −
𝑆2

(2)
(𝑟)𝑆2

(2)
(𝑠)

𝛷2
]

1

−1

∞

0

∞

0
              (2-15) 

    η2 =
5ζ2

21
+

150

7𝛷1𝛷2
∫

𝑑𝑟

𝑟
∫

𝑑𝑠

𝑠
∫ 𝑑(𝑐𝑜𝑠𝜃)𝑃4(𝑐𝑜𝑠𝜃) [𝑆3

(2)(𝑟, 𝑠, 𝑡) −
𝑆2

(2)
(𝑟)𝑆2

(2)
(𝑠)

𝛷2
]

1

−1

∞

0

∞

0
    (2-16) 
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where 𝑡 = (𝑟2 + 𝑠2 − 2𝑟𝑠𝑐𝑜𝑠𝜃) 
1/2

, and P2 and P4 are respectively the Legendre polynomials of 

order two and four, 

                                                𝑃2(𝑥) =
1

2
(3𝑥2 − 1)                                                                   (2-17) 

                                                𝑃4(𝑥) =
1

8
(35𝑥4 − 30𝑥2 + 3)                                                   (2-18) 

Equations (2-12) and (2-13) require the evaluation of the three-point parameters ζ3 and η3, 

which involves the three-point correlation function S3. In order to further improve the 

accuracy of the computed ζ3 and η3 values, we have used a non-uniform radial sampling 

template introduced in Ref. [131], in which the spatial density of the sampling points 

monotonically increases (e.g., ~1/r) as one moves towards the origin along the radial 

direction. This will provide a sufficient number of sampling points for small r values for 

an accurate numerical integration [132], [133]. In addition, the mechanical properties (i.e., 

bulk and shear moduli) of the individual phases required in Equations (2-12) and (2-13) 

were obtained from the literature. We note that here the metal phase for all sampled are 

percolated. Therefore, the SCE method generally overetimates the Young’s modulus of the 

composites as reported. 
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2.5.2 Modeling and Experimental Results on Young’s Modulus of Smart 

Composites 

Here all of the optical images of the surfaces of the 9 smart composite samples are 

presented, along with the corresponding processed binary images. As can be seen, the 

binary images match the optical images for most of the samples well. However, in some 

cases, some regions are shown as pores while in the optical images they are not pores, for 

instance, those circled areas in Figure 2-5. This issue should be attributed to the weak light 

reflection from the surface of the samples in these regions. Despite these, the results show 

that the simulated Young’s moduli are good estimations. For example, in sample #8 in 

Figure 2-5 there is a fairly large region that is wrongly predicted as a pore, but the modeling 

method estimated the Young’s modulus very close to the experimental one. Note that the 

simulation extracts not only porosity information but also other higher-order information 

about the microstructure of the smart composites to predict the Young’s modulus.  
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Sample 1 Sample 2

Sample 3 Sample 4

Sample 5 Sample 6

Sample 7 Sample 8

Sample 9

 

Figure 2-5: Optical (left) and binary (right) images of the 9 smart composite samples characterized for Young’s 

modulus and porosity in nonactivated cases.  
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Chapter 3 – Actively Morphing Drone 

Wing Design Enabled by Smart Materials 

for Green Unmanned Aerial Vehicles  

As discussed in Chapter 1, Green Unmanned Aerial Vehicles (UAVs) are emerging 

technologies that can maximize UAVs’ energy efficiency without degrading their overall 

performance. With the rapid growth of UAV applications, it is critical to develop green 

UAVs in practice. 

3.1 Introduction 

In this work, we propose to address this problem by developing a novel smart-material-

based active morphing wing for UAVs, which has a simple mechanical structure and an 

onboard actuation mechanism. It is able to adaptively control the wing shape with 

uncertain aerodynamics. A novel smart-material-based joint has been developed and 

customized as an essential component of the fixed-wing UAVs. A novel distributed 

actuation scheme of smart joints has been designed along with an adaptive model-based 

intelligent controller. This intelligent controller can adjust the UAV wing shape online 

through dynamically tuning the stiffness of the smart joints. In response to different 

aerodynamics encountered, the UAV wing shape can change intelligently to minimize the 

drag and thus the energy cost. A simulation is conducted to illustrate the effectiveness of 
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the adaptive intelligent controller on the morphing drone wing over traditional PID 

controllers. 

3.2 Smart Joints Based on Novel Smart Material for Reconfigurable 

Drone Wing 

3.2.1 Novel Robust Smart Materials with Large Range of Stiffness 

Tuning 

In this section, we describe a recently developed novel robust elastomer-metal 

composite that can support highly adjustable stiffness needed in reconfigurable drone 

wings. The composite material is a bicontinuous network of two foams, one elastomeric, 

made of polydimethylsiloxane (PDMS), and the other metallic, made of a low melting point 

alloy (LMPA) (Figure 3-1) [134]. PDMS has an elastic modulus E ≈ 2 MPa. The LMPA is 

Cerrolow 117 (composition by weight: 45% bismuth, 23% lead, 19% indium, 8% tin, and 

5% cadmium) with a high elastic modulus E ≈ 8.5 GPa at room temperature and a melting 

point of 47.2 ℃ [135]. The stiffness of the smart composite can be tuned by inducing phase 

changes in its LMPA component. Below the melting point of the LMPA, the composite 

behaves like solid metal and is stiff. Above the melting point of the LMPA, the alloy will 

be liquid, and the composite is mechanically soft. The combination of LMPA and PDMS 

makes a large range of stiffness tuning possible with much better robustness than LMPA-

based composites developed earlier [34], this is needed in morphing drone wings. To 

fabricate this bicontinuous structure, we formed a network of pores in the low melting point 

alloy first, as shown in Figure 3-1 (a, b). Then uncured PDMS is infiltrated into the LMPA 
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foam and cured afterwards. The fabricated composite is shown in Figure 3-1(c). More 

details about its fabrication can be found in [134]. A flexible heater is utilized to activate 

this smart composite to be used as a smart joint in the drone wing Figure 3-1(d). The 

Young’s modulus of the smart composite was reported in Chapter 2. 

 

Figure 3-1: a, b) Side view and top view of the LMPA foam; c) smart composite containing the LMPA 

foam and an infiltrating and wrapping elastomer matrix. d) smart joint 

3.2.2 Morphing Wing Development 

The tunable stiffness of the composite has been utilized to design smart joints that can be 

embedded in drone wings. The smart joint consists of a piece of the composite material, a 

flexible heater, a frame, and a Kevlar cord, as shown in Figure 3-2 (c).  The mechanism 

has been designed such that when the composite is at temperatures below the melting 
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point of the LMPA it is stiff and straight. After activation through the heater, the 

composite softens and behaves like an elastomer. Then the smart joint can be bent by 

applying force to the thread attached to the frame from one side using the servomotor 

from the other side via the pulley. After reaching the desired angle, the heater is turned 

off for the smart joint to cool down. Finally, after cooling down, the smart joint can 

remain in its position not requiring any force from the servomotor.  Figure 3-2 shows the 

drone prototype. 

 

Figure 3-2: a) Drone prototype; b) Top view of the whole drone prototype; c) The smart joint installed on 

the reconfigurable drone wing prototype 
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A symmetric NACA 0015 airfoil [136] with a cord length of C = 0.3 m is used to 

fabricate the drone wing. Two bars on the cord line along the wing span at 0.18C and 

0.67C locations are inserted into the wing to provide structural rigidity. The schematic of 

the airfoil and applied forces have been depicted in Figure 3-3. The moving part of the 

wing can rotate about the front bar when the composite material is activated/softened and 

the servomotor located on the rear bar applies a moment about the front bar. Figure 3-4 

shows the joint before and after bending using a servomotor of Parallax Feedback 360° 

High-Speed Servo (#900-00360). Note that joint bending angles ~ 5 have been achieved 

without optimizing the design. Moreover, the prototype of the whole drone wing is 

illustrated in Figure 3-2. 

 

Figure 3-3: Schematics of the airfoil and the applied forces. 



42 

 

 

Figure 3-4: Bending of the smart composite joint upon pulling from the electromotor. 

3.3 Force Analysis 

3D Computational Fluid Dynamics (CFD) simulations have been carried out on the 

drone wing model when the angle of attack of the fixed part of the wing is zero but the 

angle of attack of the moving part is 5 (Figure 3-3). The flight speed is considered to be 

60 m/s, which is close to the highest possible speed of morphing wing UAVs [81]. The 

semi-span of the wing is considered to be 3.33 C ≈ 1 m. The length of the fixed part and 

also the moving part of the wing is 0.5 m. The 3D simulations use the SST k-w turbulence 

model with the second-order SIMPLE (Semi-Implicit Method for Pressure Linked 

Equations) scheme. The aerodynamic lift and drag forces on the moving/deflected part of 

the wing are considered at its center of pressure CP to calculate the moment generated about 
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the fixed bar passing through the front side of the airfoil. The lift force FL and the drag 

force FD applied on the deflected part of the wing are obtained to be 79.26 N and 7.53 N, 

respectively. Additionally, the axis of rotation is located at 0.18C. Therefore, the resultant 

moment about the axis of rotation of the wing τd is obtained as follows: 

𝐹𝐿 cos 𝛼 (𝐶𝑃 − 0.18𝐶) + 𝐹𝐷 sin 𝛼 (𝐶𝑃 − 0.18𝐶) = 𝜏𝑑 (3-1) 

where α is the angle of attack (5°), CP is 0.219C.  Then, τd is equal to 0.93 Nm. This 

moment should be balanced with the force coming from the servomotor at the location 

with a distance of 145 mm behind the axis of rotation of the wing to rotate the wing to the 

designated configuration. Then, the servomotor should provide Fs = τd/0.145 ≃

6.41 N at that location. The maximum torque that servomotor generates is 250 Nm and 

the radius of servomotor pulley ri is 14 mm. Therefore FMax = 250/0.14 = 17.5 N is 

the maximum force that the servomotor can provide in the current design, which is bigger 

than Fs.  These analyses validate the practicality of the proposed concept of using smart 

joints to reconfigure drone wing shape in flight. 

3.4 Online Adaptive Model-based Intelligent UAV Wing Shaping 

Control 

In Section 3.2, a new type of smart material has been introduced. The new material has 

less structure complexity, a wide range of stiffness tunability and can be deployed inside 

the UAV wing. However, to truly improve aircraft efficiency in real-time while adapting 

to the system dynamics uncertainty caused by wing morphing, it is critical to develop an 

online wing shaping controller that can effectively reduce the aerodynamic drag as well 

as adapt to the uncertain operating environment. However, due to the nonlinearity and 
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uncertainty of the UAV system, an accurate model of the wing dynamics are difficult and 

even impossible to obtain. To overcome this challenge, an adaptive wing shaping control 

technique has been adopted to learn the system dynamics and further generate an 

adaptive model-based controller. Specifically, there are three objectives of the analysis in 

this section, i.e. 1) formulating the adaptive wing shaping control problem, 2) designing 

online approximation based intelligent wing shaping control that can effectively learn the 

uncertain system dynamics and further generate effective adaptive model-based control, 

and 3) developing real-time actuating signals to manage smart materials deployed inside 

the UAV wing that can force the actual UAV wing shape to converge to the desired 

trajectory in a timely manner. To this end, an adaptive estimator has been introduced to 

estimate the unknown dynamics in real-time. Therefore, using the real-time observed 

dynamics, adaptive model-based control has been developed to reduce the aerodynamic 

drag as well as to save energy. 

3.4.1 Problem Formulation 

Our proposed problem formulation begins with modeling of the dynamics of the UAV 

wings.  The UAV wings have two modes of operation: one is a transition mode during 

which the joint, as illustrated in Figure 3-3 and Figure 3-4, is being activated and is able to 

bend, and the other is when the joint is deactivated, with a higher stiffness and not able to 

deform. 



45 

 

 

Figure 3-5: Schematic of fixed and deflected parts of the wing. 

We use Lagrange’s equations to investigate the UAV's wing dynamics, shown in Figure 

5. The joint variables (angles) are q1 and q2. The joints are modeled as torsional spring 

with spring constant 𝑘. It should be mentioned that the joint is modeled as a cantilever 

beam. Also, the spring constant of a cantilever beam is equal to 3EI L3⁄ . The cross section 

of the joint consists of two different regions, the porous biocontinous part, which is 

20.2 mm by 4 mm, and the wrapping PDMS layer, which makes the whole composite 

cross section 24.5 mm by 8.1 mm. Therefore, the total spring constant of the joint is sum 

of these spring constants which is equal to k = 1.34 N
m⁄  . 

Parameters for the problem are: 

E         : Young's modulus of the smart composite in the activated case 

I          : moment of inertia of the smart composite  

L         : length of the smart composite 

𝑙1        : length of the first link 
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𝑙2        : length of the second link 

𝑟        : radius of the links 

a1            : half of the first link length (𝑙1/2) 

a2          : half of the second link length (𝑙2/2) 

m1      : mass of the first link  

m2      : mass of the second link  

g         : gravitational acceleration 

 

3.4.2 Dynamics of the UAV's Wing 

To derive the dynamics of the UAV’s wing we use Lagrange’s equations which are given 

by the following equations: 

𝑑

𝑑𝑡
(

𝜕𝐿

𝜕�̇�𝑖
) −

𝜕𝐿

𝜕𝑞𝑖
= 𝜏𝑖        𝑖 = 1, 2, (3-2) 

where τ1 and τ2 are the external torques supplied by the servomotor. To find the 

Lagrangian "L" the linear kinetic energy, rotational kinetic energy and the potential 

energy must be found. In order to obtain them, the location and the velocity of the center 

of mass of each link, and moment of inertia of the links Ik must be obtained. For link 1, 

the kinetic and potential energies are calculated as follows:   

𝑥1 = 𝑎1 cos 𝑞1, (3-3) 
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𝑦1 = 𝑎1 sin 𝑞1, 

𝑣1
2 = �̇�1

2 + �̇�1
2, 

𝑣1
2 = 𝑎1

2�̇�1
2, 

 

(3-4) 

𝐼𝑘1 =
𝑚1𝑟2

4
+

𝑚1𝑙1
2

12
=

𝑚1𝑟2

4
+

𝑚1𝑎1
2

3
, (3-5) 

𝐾𝐿1 =  
1

2
𝑚1𝑣1

2, (3-6) 

𝐾𝑅1 =  
1

2
𝐼𝑘1�̇�1

2, (3-7) 

𝑃1 =  𝑚1𝑔𝑦1, (3-8) 

where x1, y1,  represent the location of the first link’s center of mass, v1, is the velocity 

of that, and KL1, KR1and P1 are the linear kinetic energy, rotational kinetic energy and the 

potential energy of the first link, respectively. 

Additionally, the location and velocity of the center of mass, and potential energy and 

kinetic energy of the second link are calculated as follows: 

𝑥2 = 2𝑎1 cos 𝑞1 + 𝑎2 cos(𝑞1 + 𝑞2), 

𝑦2 = 2𝑎1 sin 𝑞1 + 𝑎2 sin(𝑞1 + 𝑞2), 

(3-9) 

𝑣2
2 = �̇�2

2 + �̇�2
2, 

𝑣2
2 = 4𝑎1

2�̇�1
2 + 𝑎2

2(�̇�1 + �̇�2)2 + 4𝑎1𝑎2(�̇�1
2 + �̇�1�̇�2) cos 𝑞2, 

 

(3-10) 



48 

 

𝐼𝑘2 =
𝑚2𝑟2

4
+

𝑚2𝑙2
2

12
=

𝑚2𝑟2

4
+

𝑚2𝑎2
2

3
, 

(3-11) 

𝐾𝐿2 =  
1

2
𝑚2𝑣2

2, 
(3-12) 

𝐾𝑅2 =  
1

2
𝐼𝑘2(�̇�1 + �̇�2)2, 

(3-13) 

𝑃2 =  𝑚2𝑔𝑦2, (3-14) 

where x2, y2,  represent the location of the first link’s center of mass, v2, is the velocity 

of that, KL2, KR2and P2 are the linear kinetic energy, rotational kinetic energy and the 

potential energy of the second link, respectively. 

Moreover, the potential energies stored in the first joint Pj1  and the second joint Pj2 are 

obtained using the following equations: 

𝑃𝑗1 =  
1

2
𝑘𝑞1

2, (3-15) 

𝑃𝑗2 =  
1

2
𝑘𝑞2

2. (3-16) 

Therefore, the Lagrangian for the entire arm is: 

𝐿 =  𝐾 − 𝑃 = KL1 + KL2 + KR1 + KR2 − 𝑃1 − 𝑃2 − 𝑃𝑗1 − 𝑃𝑗2 

(3-17) 
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  =  
1

2
(𝑚1 + 4𝑚2)𝑎1

2�̇�1
2 +

1

2
𝑚2𝑎2

2(�̇�1 + �̇�2)2

+ 2𝑚2𝑎1𝑎2(�̇�1
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1

8
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1

6
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1

8
𝑟2 −

1

6
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2) − (𝑚1 + 2𝑚2)𝑔𝑎1 sin 𝑞1
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1

2
𝑘(𝑞1

2 + 𝑞2
2). 

Finally, using Lagrange’s Equation (2), the UAV’s wing dynamics are given by the two 

coupled nonlinear differential equations: 

𝜏1 = [(𝑚1 + 4𝑚2)𝑎1
2 + 𝑚2𝑎2

2

+ 4𝑚2𝑎1𝑎2 cos 𝑞2 + 𝑚1(
1

4
𝑟2 −

1

3
𝑎1

2) + 𝑚2(
1

4
𝑟2 −

1

3
𝑎2

2)] �̈�1

+ [𝑚2𝑎2
2 + 2𝑚2𝑎1𝑎2 cos 𝑞2 + 𝑚2(

1

4
𝑟2 −

1

3
𝑎2

2)] �̈�2

− 2𝑚2𝑎1𝑎2(2�̇�1�̇�2 + �̇�2) sin 𝑞2

+ (𝑚1 + 2𝑚2)𝑔𝑎1 cos 𝑞1 + 𝑚2𝑔𝑎2 cos(𝑞1 + 𝑞2) + 𝑘𝑞1,  

(3-18) 

𝜏2 = [𝑚2𝑎2
2 + 2𝑚2𝑎1𝑎2 cos 𝑞2 + 𝑚2(

1

4
𝑟2 −

1

3
𝑎2

2)] �̈�1

+ [𝑎2
2𝑎2

2 + 𝑚2 (
1

4
𝑟2 −

1

3
𝑎2

2)] �̈�2

+ 2𝑚2𝑎1𝑎2�̇�1
2 sin 𝑞2 + 𝑚2𝑔𝑎2 cos(𝑞1 + 𝑞2) + 𝑘𝑞2,  

(3-19) 

which also can be written in a vector form: 
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[
(𝑚1 + 4𝑚2)𝑎1

2 + 𝑚2𝑎2
2 + 4𝑚2𝑎1𝑎2 cos 𝑞2 + 𝑚1 (

1

4
𝑟2 −

1

3
𝑎1

2) + 𝑚2(
1

4
𝑟2 −

1

3
𝑎2

2) 𝑚2𝑎2
2 + 2𝑚2𝑎1𝑎2 cos 𝑞2 + 𝑚2(

1

4
𝑟2 −

1

3
𝑎2

2)

𝑚2𝑎2
2 + 2𝑚2𝑎1𝑎2 cos 𝑞2 + 𝑚2 (

1

4
𝑟2 −

1

3
𝑎2

2) 𝑚2𝑎2
2 + 𝑚2(

1

4
𝑟2 −

1

3
𝑎2

2)
] [

�̈�1

�̈�2
] +

[
−2𝑚2𝑎1𝑎2(2�̇�1�̇�2 + �̇�2) sin 𝑞2

2𝑚2𝑎1𝑎2�̇�1
2 sin 𝑞2

] +

[
(𝑚1 + 2𝑚2)𝑔𝑎1 cos 𝑞1 + 𝑚2𝑔𝑎2 cos(𝑞1 + 𝑞2)

𝑚2𝑔𝑎2 cos(𝑞1 + 𝑞2)
] + [

𝑘𝑞1

𝑘𝑞2
] = [

𝜏1

𝜏2
].                  (3-20)                                                                                                          

 

Considering the uncertainty of system dynamics caused by the environment during UAV 

operations, an extra unknown nonlinear function D(q) is added to Equation (20) and thus 

we have an updated version of Equation (20): 

𝑀(𝑞, �̇�)�̈� + 𝑉(𝑞, �̇�) + 𝐺(𝑞) + 𝐽(𝑞) + 𝐷(𝑞) = 𝜏, (3-21) 

where M(q) is the inertia matrix, V(q, q̇) is the Coriolis/centripetal vector, G(q) is the 

gravity vector, and J(q) is the vector for joint stiffness effect. The control input τ =

[τ1 τ2]T is the vector of constant torques for each joint. Based on the mechanism that we 

introduced in the last section, the moment required to be provided via the servomotor (see 

Figure 2) is calculated by the following equation: 

𝑇𝑖 =  
𝑟𝑖

𝑑𝑖
𝜏𝑖, (3-22) 

where Ti is the torque for ith servo motor, ri is the radius of the servo motor's pulley, di is 

the moment arm, and τi is the required torque with i ∈ {1, 2}. 

The objective is to compute the actuator torques 𝑇 = [𝑇1 𝑇2]𝑇  by computing 𝜏𝑖, such 

that the UAV wing deflects to a desired location or trajectory, which is represented by 

qd(t). Given the desired angle qd(t) for both joints, define the tracking error e(t) by  
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𝑒(𝑡) = 𝑞 −  𝑞𝑑(𝑡). (3-23) 

Then, the objective is to design a controller such that e(t) goes to zero.  

Remark 1: Due to the unknown nonlinear term D(q) in the system dynamics Equation 

(21), it is challenging to model the actual UAV wings as the complete model is unknown. 

To overcome this issue, an adaptive model-based controller is proposed where neural 

networks are used to approximate the unknown system dynamics.  

3.4.3 Adaptive Model-based Controller Design 

Consider a computed-torque proportional-derivative (PD) controller [137] as: 

𝜏 = 𝐾𝑣(�̇� + Ʌ𝑒) + 𝑀(𝑞)(�̈�𝑑 + Ʌ�̇�) + 𝑉(𝑞, �̇�) + 𝐺(𝑞) + 𝐽(𝑞) + 𝐷(𝑞),                     (3-24) 

where Ʌ is a positive definite matrix and Kv(ė + Ʌe) is an outer PD tracking loop. Note 

that the uncertain term D(q) is unknown to the controller and needed to be approximated.  

Let 

𝑓(𝑥) = 𝑀(𝑞)(�̈�𝑑 + Ʌ�̇�) + 𝑉(𝑞, �̇�) + 𝐺(𝑞) + 𝐽(𝑞) + 𝐷(𝑞)                                        (3-25) 

denote the terms from the system dynamics that include the unknown term where x ≡

[ėT  qd
T q̇d

T q̈d
T]T. Then, the computed-torque PD controller can be represented as 

                                                          𝜏 = 𝐾𝑣(�̇� + Ʌ𝑒) + 𝑓(𝑥)                                            (3-26) 

To this end, the main effort becomes approximating the function f(x). To approximate the 

function f(x) , a neural network is utilized. Without loss of generality, we first need the 
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assumption for the existence of neural network estimators, i.e., the linear-in-the-

parameters (LIP) assumption [138]. 

Assumption 1. (Linear-in-the-Parameter (LIP)) [138] 

The nonlinear function f(x) is linear in the unknown parameters and one can write: 

𝑓(𝑥) = 𝑀(𝑞)(�̈�𝑑 + Ʌ�̇�) + 𝑉(𝑞, �̇�) + 𝐺(𝑞) + 𝐽(𝑞) + 𝐷(𝑞) = 𝑊(𝑥)𝜑, (3-27) 

where W(x) is a matrix of known functions called the activation functions, and φ is a 

vector of unknown synaptic weights that needs to be approximated. 

Let  φ̂ denote the approximated synaptic weights, one obtains the approximated torque: 

�̂� = 𝑓(𝑥) + 𝐾𝑣𝑟 = 𝑊(𝑥)�̂� + 𝐾𝑣(�̇� + Ʌ𝑒). (3-28) 

Meanwhile, the synaptic weights are updated as in Ref. [137]: 

�̂� = 𝛤𝑊𝑇(𝑥)(�̇� + Ʌ𝑒), (3-29) 

where Γ is a parameter gain matrix for an adaptation law. 

The block diagram of the controller is presented in Figure 3-6. 
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Figure 3-6: The block diagram of the adaptive controller. The reference trajectory is assumed to be known. 

3.4.4 Simulation Results 

In this subsection, the adaptive controller is tested on a simulated UAV wing. The desired 

trajectory is selected as qd1 = sin (t) for joint 1 and qd2 = cos (t) for joint 2. The 

controller parameters are selected as Kv = 20I2, Γ = 10I2 and Λ = 5I2, where I2 

represents 2-dimensional diagonal matrices. For the parameters in system dynamics, i.e., 

equation (15), a1 and a2 are set to 166.5 mm, and m1 and m2 are set to 1kg. To simulate 

the uncertain terms in the UAV wing model, a nonlinear function that varies with respect 

to time is constructed. In the first 6 seconds, the uncertain nonlinear term is set to D(q) =

[5 cos(q1)     5 sin(q2)]T, and then set to D(q) = [0.1 cos(q1)     0.1 sin(q2)]T beyond 6 

seconds. Note that this term is unknown to the controller and is only used to simulate the 

actual state trajectory. The initial angles of the two joints are set at q0 = [
2.1
0

] rad and the 

adaptive controller engages at 4 seconds. Further, the performance of the adaptive 

controller is compared with the traditional PD controller. The parameters of the PD 

controller are set the same as the proposed adaptive control except that the adaptive term 

is dropped. The simulated results are shown in Figure 3-7 to Figure 3-10. 
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Figures 3-7 and 3-8 demonstrate that the designed adaptive controller can adjust the wing 

to the desired position in one second. Figure 3-9 shows the tracking error plot of two 

joints which converges to zero at 5s. In Figure 3-10, the tracking error does not converge 

to zero because the dynamics modeling does not consider the uncertainty. Without the 

adaptive term, the real system dynamics cannot be estimated, and thus the PD controller 

cannot reduce the tracking error to zero. Therefore, the proposed controller can track the 

desired trajectory without knowing the exact system dynamics. The ability to adapt to 

unknown dynamics makes it possible for the controller to better handle dynamic 

uncertainties. 

 

  

Figure 3-7: The desired and actual angle of joint 1 with respect to time. The orange curve is the desired 

angle and the blue curve represents the actual angle. The controller engages at 4s. 
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Figure 3-8: The desired and actual angle of joint 2 with respect to time. The orange curve is the desired 

angle and the blue curve represents the actual angle. The controller engages at 4s. 

  

Figure 3-9: The tracking error of both joints using the adaptive controller. The controller engages at 4s. 
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Figure 3-10: The tracking error of both joints using the traditional PD controller. The controller engages at 

4s. 

 

3.5 Discussion 

Hereby we have laid out the basic components for the proposed approach for green 

UAVs through smart joints with tunable stiffness. These include the prototype with 

reconfigurable shape due to the smart joints, the estimation of aerodynamic forces applied 

on the drone wing during flight, the dynamic modeling of the multiple-joint drone wing, 

as well as an adaptive controller for the developed dynamic model of the reconfigurable 

drone wing. The results presented here validates the concept and shows possibility of such 

an approach to green UAVs. We do note however, significant follow-up work is needed to 

build the whole drone with reconfigurable wings and test fly it using the controller 

developed.   
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3.6 Conclusion 

In this paper, a morphing wing enabled by smart material based joints for Green UAV 

has been proposed to maximize UAV drag reduction and thus flight efficiency. In 

response to changing environments, the developed novel UAV wing will intelligently 

tune the stiffness of the embedded smart joints, and thus change the shape of the 

reconfigurable UAV wing, which can effectively reduce the aerodynamic drag and 

energy consumption. CFD simulations have been carried out to calculate the resultant 

force that air applies to the wing in a routine flight condition, which verifies that the 

proposed mechanism is able to deflect the wing in this flight condition. The dynamics of 

the UAV wing with multiple smart joints has been modeled using Lagrange’s equations, 

taking into account the joint stiffness effect, as well as unknown fluctuations. An 

adaptive model-based controller has been designed to control the angle of the UAV wing 

with unknown system dynamics.  

 

 

 

.
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Chapter 4 – Dynamically Tunable 

Friction via Subsurface Stiffness 

Modulation 

Currently soft robots primarily rely on pneumatics and geometrical asymmetry to 

achieve locomotion, which limits their working range, versatility, and other untethered 

functionalities. In this paper, we introduce a novel approach to achieve locomotion for soft 

robots through dynamically tunable friction to address these challenges, which is achieved 

by subsurface stiffness modulation (SSM) of a stimuli-responsive component within 

composite structures. 

4.1 Introduction 

In this work, we explore a novel approach to dynamically tunable friction through 

subsurface stiffness modulation (SSM) (Figure 4-1), inspired by recent work on 

dynamically tunable adhesion through SSM for robotic manipulation [26]. Here, we first 

develop a robust fabrication method for composite pads containing subsurface 

components with tunable stiffness, then we characterize the dynamically tunable 

frictional behavior of the composite pads using a tribometer. Finite Element Analysis 

(FEA) is employed to qualitatively identify the mechanism that contributes to the 

observed tunable friction. The effect of certain design parameters including the sealing 
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layer thickness on tunable friction for the composite pads is also explored. Towards the 

end, we demonstrate the application of these composite pads in two soft crawling robots 

inspired by earthworms and inchworms. The movements of these soft crawling robots are 

powered by either a two-way nitinol SMA spring (Figure 4-1 (B)) or pneumatics (Figure 

4-1 (C)). The dynamically tunable friction approach introduced here, combined with non-

pneumatic activation mechanisms, can potentially enable many applications in untethered 

versatile soft crawling robots. 

 

Figure 4-1: A) Close-up view of the composite pad with tunable CoF B) The soft crawling inchworm 

inspired robot with two composite pads at the ends. C) The soft crawling earthworm inspired robot with 

two composite pads at the ends. 

 

4.2 Materials and Methods 

Friction between surfaces depends on a suite of mechanical and geometrical parameters 

including surface roughness and mechanical properties of the substrates. Here we propose 

to dynamically change the frictional behavior of an elastomeric pad by changing the 

stiffness of embedded channels filled with phase-changing materials. Figure 4-2 (A) shows 

the schematics of the exploded view of this design. Polydimethylsiloxane (PDMS), a 
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commonly used material for soft robotics, is chosen as the material for the elastomeric bulk. 

Low melting point alloys (LMPAs), which allow for both fast phase change and large 

stiffness change, are chosen as the stimuli-responsive material. A composite pad with a 

circular shape is fabricated by embedding spiral channels filled with an LMPA, Roto 144F 

Low Melt Fusible Ingot Alloy (or Field’s metal) (RotoMetals, Inc.) These channels are 

positioned 350 mm to 750 mm away from the contact/working interface. The channels 

have been designed to have a rectangular cross section with a width of 300 mm and a height 

of 500 mm. The LMPA channels can be activated by running an electric current of 

approximately 1 A for a short period of seconds.  

Through Joule heating, the LMPA channels absorb enough heat to transform from a solid 

phase to a liquid phase. Due to this phase change, the rigidity of the channels decreases to 

zero, and they have the ability to return to their solid state after deactivation, which is the 

process where no electric current is supplied to the electrodes of the PDMS-LMPA 

composite pads. During deactivation, the LMPA channels become solid once again due to 

heat dissipation into the surroundings. It is expected that by tuning the rigidity of the LMPA 

channels, which are embedded close to the surface of the PDMS-LMPA composite pad, 

the CoF of the composite pad is also tuned.  

It should be mentioned that the final design of the composite pads has been achieved 

through a trial-and-error procedure. The geometry of the channels including the thickness, 

the width, the length, and the spacing between the channels have been changed to obtain 

higher changing ratio of the CoF before and after activation. For example, by increasing 

the thickness and the width of the spiral channels while keeping the channel spacing 
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constant, we will have a more rigid composite pad due to the increasing volume percentage 

of the LMPA material. However, there is a limitation on how much these dimensions can 

be increased, as by making the channels thicker and wider, the electrical resistance of the 

spiral channels is much reduced, which makes it harder to activate the sample. Therefore, 

there is a tradeoff between increasing the stiffness and decreasing the electrical resistance 

of the composite pad. The final design presented here is achieved based on the trial-and-

error experimental results. However, it certainly is still not the best design yet in terms of 

achieving higher friction tunability. To find the globally optimal design, serious 

optimization effort is needed, which is beyond the scope of this work. 

 

Figure 4-2: A) Exploded view of the schematics for composite pads with tunable CoF, PDMS (Blue) 

LMPA (Silver). B) Optical image of the fabricated LMPA channels (shiny) in the composite pads (top 

view). 
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4.2.1 Fabrication 

The composite pads are fabricated through a multi-step process, which is shown in Figure 

3 schematically. First, uncured PDMS is cast into a 3D printed mold to have the bottom 

part as shown in Figure 4-2 (A), which contains the channels exposed on the top side (Step 

2). Then, a thin layer of PDMS is made by spin coating for sealing the channels from above 

(Step 3). After obtaining the bottom PDMS part and the top PDMS sealing layer, they are 

bonded together after the surfaces intended to be in contact are treated with a plasma gun 

(Step 4). At this stage, a circular PDMS plate containing empty spiral channels is obtained. 

We then vacuum-filled liquid LMPA into the channels (the middle part in Figure 4-2 (A)) 

following a procedure described in Ref. [139] and put two copper wires at the two ends 

(wells) as the electrodes (Step 5 and 6). The fabricated composite pad-like structure with 

tunable friction is shown in Figure 4-1 (B).  

In practice, due to the resolution of the 3D printing, the cross section of the channels is not 

exactly rectangular, with the top width bigger than 300 mm (Figure 4-2 (B)). Nonetheless, 

the average width of the channels is close to the designed value. Before experimental 

characterization of these composite pads, they are attached to 3D-printed fixtures using 

silicone adhesives. This assembly is further examined to ensure that the embedded circuit 

achieves continuity before experimental characterization of their frictional behavior. 

4.2.2 Experiments 

In order to measure the CoF of the composite pads, a multifunctional tribometer (Rtec MFT 

5000) has been used. In the experiments, a ball of either steel or ceramic alumina is dragged 
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across the sample’s surface with a constant speed of 2 mm/s and a normal force of 2 N. 

The dragging speed of 2 mm/s is used to achieve sliding conditions under boundary 

lubricated regime where asperity-asperity (surface-surface) contact dominates [140]–[142]. 

The 2 N normal force is small enough such that the steel/ceramic ball does not damage the 

soft composite pads during sliding, while at the same time large enough such that the data 

is not buried in noise.  

Data for the CoF between the ball and the composite pad sample is acquired during the 

entire sliding distance by the testing system of the tribometer. A sample holder was 3D-

printed for fastening the composite pad sample to the test bed. The rigid encasing that holds 

the sample in place during the sliding of the ball is also illustrated in Figure 2A (the white 

segments on the circumference of the three parts). In Figure 4-4, a schematic detailing the 

tribometer setup, including the sliding direction, is shown.  

Each composite pad was secured in the tribometer while single-line scratch tests were 

performed with a steel ball. Three tests were completed while the composite pad was in its 

non-activated state at room temperature without an applied voltage. Following that, more 

tests were performed once the pads were properly activated using Joule heating. That is, 

when the surface temperature reached between 70-75 °C, approximately 10 °C above the 

melting point (62 ℃) of the LMPA, Field’s metal. A thermal camera (FLIR ONE Pro LT) 

is used to monitor the temperature of the surface of the composite pads during the 

experiment in real-time. A snapshot obtained by the thermal camera during experiment is 

illustrated in Figure 4-5. This snapshot also contains an optical image of a composite pad 

sample during the test. Supplementary video 4-S1 demonstrates the activation and 
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deactivation process of the composite pads in lab air using a constant input voltage of 2 V 

and a current of ~1 A. After the tests, the CoF data is collected, processed, and analyzed 

by MATLAB software. 

 

Figure 4-3: Schematics of the fabrication process. 

 

Figure 4-4: Schematics of the friction characterization setup. 
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4.2.3 Modeling 

To understand the underlying physics that governs the tunable friction of the composite 

pads, we resort to FEA based on the commercial software ABAQUS to qualitatively study 

the friction of the composite samples against the steel ball used in tribology experiments. 

For simplicity without losing the essence, we reduce the problem to a 2D plane strain one 

to mimic the symmetric plane of the pad disk, and the geometry of the model is shown in 

Figure 4-6. The same geometry and material properties as those in experiments are used 

throughout the simulations. It is worth mentioning that when the LMPA is activated, we 

replace the rigid components with voids since the modulus of the liquid LMPA is so small 

that we can ignore its effect on the composite pad’s deformation. 

The simulation consists of two steps as in the tribology tests. In the first step, a general 

static analysis is performed in which the indenter is pushed against the composite pad 

through a uniformly distributed pressure. The nonlinear geometry option is turned on, and 

the default automatic stabilization scheme is used to help convergence (the dissipated 

energy fraction is specified as 0.0002 by default). In the second step, dynamic implicit 

analysis is used when the indenter moves horizontally with a constant velocity while the 

normal force is kept constant [143]. The quasi-static application is chosen for this step. 

During the entire process, the bottom surface of the composite pad is fixed, which 

corresponds to the boundary conditions in experiments. It should be noted that the total 

normal force that is applied in simulations is smaller than that in experiments because the 

simulations are based on a 2D model, which is different from the experiments. In fact, it is 
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found that using a 2 N normal force will create significant distortion of the composite pad 

when the LMPA is activated and thus lead to convergence problem.  

The indenter and the pad are divided into 8-node biquadratic plane strain elements with 

reduced integration (CPE8R), and a mesh refinement study is carried out to make sure the 

convergences of the simulations. Surface-to-surface interaction is set up between the top 

surface of the composite pad and the indenter. Besides, self-contact between the sidewalls 

of the LMPA channels is also considered when the LMPA is activated. For the interaction 

settings, the normal behavior is set up as “hard” contact while the tangential behavior is set 

up as penalty friction. The friction coefficient is chosen as 0.5 and the shear stress limit is 

chosen as 0.3 MPa. Shear stress limit is observed in the interface between two surfaces 

[144]. However, we do not have experimental data to extract its value here. Therefore, the 

shear stress limit is changed in simulations to see its effects. Simulations suggest that 

changing the shear stress limit will not affect the frictional behaviors in a qualitative way 

(Appendix (Figure 4-12)). In addition, increasing the shear stress limit beyond 0.5 MPa 

will lead to severe mesh distortion at the contact interface and make the results unrealistic. 

Therefore, these cases are not studied. 
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Figure 4-5: Snapshots captured by a thermal camera to measure the surface temperature of the composite 

pad during the experiments. A) Thermal view. B) Normal view. 
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Figure 4-6: Schematic illustration of the geometry model in ABAQUS for deactivated (A) and activated (B) 

composite pad sample. The geometric parameters are R = 1.585 mm, h = 1.2 mm, w = 0.2 mm, d = 0.8 mm, 

h_L= 0.5 mm, h_t= 0.4 mm. 

 

4.3 Results and Discussion 

In experiments, the CoF for the activated and non-activated cases of many composite pad 

samples with different thickness (between 350 mm and 750 mm) of the upper sealing layer 

(the top part in Figure 4-2 (A)) has been tested. Figure 4-7 shows the plot of CoF versus 

time for a sample with 420 mm thickness of the upper sealing layer, which has been tested 

with a steel ball. As shown, there is a considerable enhancement of CoF in the activated 

cases when compared to the non-activated ones.  

Also, the static CoF values for different upper sealing layer thicknesses, in both activated 

and non-activated cases, conducted with both a steel ball and a ceramic ball, have been 

illustrated in Figure 4-8. These plots show that the CoFs in the activated state are in general 

higher than their values in the non-activated case, despite the fact that the enhancement 
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ratio varies in each sample. Such an enhancement is observed regardless of whether a steel 

ball or a ceramic ball is used for the testing. In certain cases, the CoF can be enhanced by 

up to 32%. Interestingly, this trend of increased friction when the subsurface component 

softens is quite the opposite to the trend of dynamically tunable adhesion through SSM, for 

which the dry adhesion is much lower when the subsurface component softens [26].   

Note that in the activated cases presented in Figure 4-8, for some samples, there are only 

one or two scratch test data points. The reason for this is, some of the composite pad 

samples failed after one or two tests due to the nature of the standard scratch test. Thus, for 

the activated cases, all successful data points are reported instead of an average with a 

standard deviation. Note also that, in many real applications during sliding, the local 

deformation on the surface of the composite pad would be much lower, and thus 

catastrophic failure of the composite pad would be much less frequent. Another point worth 

mentioning is that we used LMPA channels for activation, which is convenient but not 

reliable as the circuitry might break during loading when LMPA is in the solid phase. While 

reheating and resolidifying of the LMPA channels can restore the circuitry, novel smart 

materials such as the three-component ones containing LMPA inclusions [37] will 

significantly improve the reliability of this approach to dynamically tunable friction. In 

addition, adopting these novel smart materials will also enable minimization and much 

quicker dynamic modulation of friction.    
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Figure 4-7: Example CoF vs Time for the non-activated and activated composite pad samples. 
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Figure 4-8: Static Coefficient of Friction between samples with different upper layer thicknesses and the 

steel ball. At least three samples are tested for each of the nonactivated cases. 

We postulate that the enhanced friction when the sample is activated comes from the self-

contact of the sidewalls of the embedded LMPA channels, and the evidence comes from 
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the simulations as shown in Figure 4-9 (A). Here, the normal force is set as 0.951 N and 

the maximum shear stress that the interface can bear is set as 0.3 MPa. When the LMPA is 

deactivated and rigid, the channels barely deform during the sliding of the indenter due to 

the high Young’s modulus of the LMPA compared to the surrounding PDMS. However, 

when the LMPA melts and becomes liquid, the walls of the channels will contact 

themselves because of the large deformation caused by the shearing force of the indenter. 

As a result, the CoF will increase as demonstrated by the simulation results in Figure 4-9 

(B).  

The mechanism for the tunable friction that we discover here, in which the self-contact of 

the sidewalls of the embedded channels contributes to the increased surface friction, is 

consistent with the previous reports [145]. However, we acknowledge that the answer is 

far from being definite. Many factors such as thermal expansion, viscoelasticity, and 

geometry can have an impact on friction, yet they have not been considered in our 

simulations. Among these, the thermal expansion effect is estimated to be small based on 

~50 ℃ increase in LMPA and surrounding PDMS matrix. Nonetheless, further 

investigations are still needed to fully understand the underlying physics of the observed 

change of friction and quantify the contribution of each potential factor, which is beyond 

the scope of this work. 
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Figure 4-9: A. The deformation of the deactivated and activated pads under normal force 0.951 N. The 

color represents the Mises stress (MPa). B. The CoFs of the deactivated and activated composite pads from 

simulations. 

 

4.4 Robot Design and Demonstration 

To demonstrate the potential use of these composite pads with dynamically tunable 

friction, two proof-of-concept model soft crawling robots have been developed: an 

inchworm-inspired soft robot, and an earthworm-inspired soft robot. 

4.4.1 Inchworm-Inspired Soft Robot 

To demonstrate the potential use of these composite pads with dynamically tunable 

friction, two proof-of-concept model soft crawling robots have been developed: an 

inchworm-inspired soft robot, and an earthworm-inspired soft robot. 
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4.4.1.1 Fabrication 

An inchworm-inspired soft robot was designed with inspiration from other established soft 

robots. The inchworm robot was controlled through a fast-actuating pneumatic network 

containing 11 independent pneumatic nets [146]. These nets were designed to allow for 

greater actuation with less pressure, to increase the fatigue life of the robot. 

The body of this soft robot is composed of three different components: a top piece that 

houses the pneumatic nets, a bottom piece that encloses the worm body, and a slider piece 

used for attaching the pads. To fabricate the top component, a two-piece mold was designed 

and 3D-printed. In addition, a mold for the bottom piece was designed and printed using 

the same practices described in Section 4.2.1.  

The top pneumatic mesh is made of ELASTOSIL M4601. The bottom is composed of 

PDMS mixed at a 3:1 ratio rather than the recommended 10:1 ratio to create a stiffer 

component. The two were attached by adding a thin layer of PDMS and curing it in an 

oven. Due to the difference in stiffness between the ELASTOSIL M4601 and PDMS, the 

robot can curl into an inchworm shape when actuated (Figure 4-10). A 3D-printed slider 

was developed to connect the body of the robot to the pads, and to ensure that the pads are 

always in full contact with the substrate that the robot is crawling on [118]. The robot was 

then glued at each end of the slider with Smooth-On Sil Poxy. The final assembled 

inchworm soft crawling robot is shown both in Figure 4-1 and Figure 4-10.   

To actuate the inchworm soft robot, compressed air is supplied to the body through a 

surgical tube. The surgical tube is inserted at one end of the body and glued in place with 
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Smooth-On Sil Poxy to ensure no air leaks. When effectively changing the friction between 

one end of the robot and the other, it could move forward similar to inch-worm locomotion, 

by anchoring one side and sliding the other forward. This could be done repeatedly to create 

net forward movement, as well as backward movement if the roles of the two ends flip. 

4.4.1.2 Mechanism 

In order to make the inchworm soft robot moving forward using the introduced composite 

pads, the composite pads need to be activated and deactivated in a sequence that is shown 

in Figure 4-10. First, the front pad is activated as in Figure 4-10 (A), then it should have 

higher friction than the rear pad. So, when the robot body is fully activated and bent, the 

front pad is effectively the anchor point and the rear pad moves forward, as shown in Figure 

4-10 (B). This is followed by deactivation of the front pad and activation of the rear pad. 

Now the rear pad has higher friction than the front pad. Therefore, when the air is released 

from the inchworm soft robot’s chambers in Figure 4-10 (C), the rear pad is effectively the 

anchor point and the forward pad slides forward during straightening of the soft body. 

Effectively from sequences illustrated in Figures 4-10 (A) to 4-10 (C), the inchworm soft 

robot crawls forward. This sequence of activation and deactivation can be repeated and 

modified to move forward and backward as needed. Supplementary video 4-S2 

demonstrates how the inchworm robot moves forward using the procedures described here. 
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Figure 4-10: Illustration of the inchworm inspired soft robot crawling forward. A) Activating the front pad. 

B) By pressurizing the soft body, the rear pad moves forward. C) Deactivating the front pad and activating 

the rear pad followed by releasing the air from the robot, the front pad moves forward. 

4.4.2 Earthworm-Inspired Soft Robot 

This earthworm soft robot is composed of three different parts: two composite pads, a two-

way nitinol SMA spring, and a slider piece used for attaching the composite pads and the 

nitinol spring (Figure 4-1). The nitinol spring extends when activated (heated above 60 ℃) 

and contracts when deactivated (cooled down to room temperature or below), which can 

be used as the actuation mechanism. The 3D-printed slider connects the spring to the pads 
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and ensures that the pads are always in full contact with the surface that the robot is 

crawling on. Two copper wires are attached to the nitinol spring as electrodes. The 

assembled earthworm-inspired soft robot is shown both in Figure 4-1 and Figure 4-11.   

When the friction of the two ends of the soft robot against the surface it is climbing on is 

different, it can move forward by anchoring one end and sliding the other. This can be done 

repeatedly to create forward movement, as well as backward movement if the roles of the 

two ends flip. In order to make this robot move forward using the composite pads 

introduced earlier, the composite pads need to be activated and deactivated in a sequence 

that is shown in Figure 4-11. First, the rear pad is activated (Figure 4-11 (A)), and it should 

have higher friction than the front pad. So, when the nitinol spring is activated, the rear pad 

is effectively the anchor point and the front pad moves forward, as shown in Figure 4-11 

(B). This is followed by deactivation of the rear pad and activation of the front pad. Now 

the front pad has higher friction than the rear pad. Therefore, the front pad is effectively 

the anchor point and the rear pad slides forward during contraction of the spring (when the 

nitinol spring is deactivated) (Figure 4-11 (C)). Effectively from sequences illustrated in 

Figure 4-11 (A) to 4-11 (C), the soft robot crawls forward. This sequence of activation and 

deactivation can be repeated and modified to move forward and backward as needed. 

Supplementary video 4-S3 demonstrates that the earthworm inspired soft robot moves 

forward using procedures described here. 

Note that here for both soft crawling robots the applied load on the composite pads is 

merely their self-weight, which is distributed across the whole contact surface, unlike in 

the tribology experiments and FEA simulations presented earlier. Nonetheless, these 
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demos validated the general concept of dynamically tunable friction via SSM. Note also 

that in these specific implementations of soft crawling robots rigid 3D-printed sliders are 

incorporated for convenience, but our emphasis is on realizing dynamically tunable friction 

mechanisms that, if improved and optimized, can potentially be adopted ubiquitously in 

soft robotics. Last but not least, we have only explored the 1D crawling capability here, 

but the advantage of this SSM approach to dynamically tunable friction explored here lies 

in the cases where multiple composite pads are incorporated into one robot to explore 2D 

and 3D spaces. The use of electrically tunable CoF and locomotion directions will simplify 

the soft robot design and control significantly. 

 

Figure 4-11: Illustration of the earthworm inspired soft robot crawling forward. A) Activating the rear pad. 

B) By extending the nitinol spring, the front pad moves forward. C) Deactivating the rear pad and 

activating the front pad followed by deactivation of the nitinol spring the rear pad slides forward during 

contraction of the spring. 

4.5 Conclusions 

In this work, the concept of dynamically tunable friction through subsurface stiffness 

modulation has been introduced and validated with a composite pad structure containing 
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subsurface low melting point alloy channels. This study presents a composite pad design 

with dynamically tunable friction, and a reliable fabrication method for these composite 

pads. Experimental characterization of the coefficient of friction of the composite pads 

structure has also been conducted, and finite element analysis has been used to understand 

the underlying mechanism for dynamically tunable friction observed in experiments. The 

results show that up to 32% enhancement in the CoF in the activated case can be achieved 

when compared with the nonactivated cases. It is also demonstrated that this dynamically 

tunable friction mechanism can be used to assist locomotion for soft crawling robots 

inspired by earthworms and inchworms, with potential to enable untethered soft crawling 

robots.  

4.6 Appendix  

4.6.1 Finite Element Analysis (FEA) 

This section provides details of the finite element simulations that are not provided in the 

main text. The simulations use the same geometry and material properties as in the 

experiments (Table 4-1). The unit system that is adopted in ABAQUS is shown in Table 

4-2. 

Table 4-1: The material properties of the composite pad sample that are used in the FEA simulation [37]. 

 

Young’s 

modulus 

(MPa) 

Density 

(kg/m3) 

Poisson’s 

ratio 

PDMS 2.1 965 0.475 
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Steel 210000 7850 0.3 

LMPA 

(activated) 
~ 0 9700 0.5 

LMPA 

(deactivated) 
9250 9700 0.3 

 

Table 4-2: Unit system used in ABAQUS. 

Quantity Length Force Mass Time Energy Acceleration Density Stress 

Unit mm N g ms mJ 103 m/s2 106 kg/m3 MPa 

 

 

 

Figure 4-12: The CoFs of the de-activated and activated composite pads from simulations. The normal 

force is kept as 0.951 N while the shear stress limit is 0.3 MPa for panel A and 0.4 MPa for panel B. 
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Chapter 5 – LMPA Wool Sponge Based 

Smart Materials with Tunable Electrical 

Conductivity and Mechanical Stiffness for 

Soft Robotics 

As previously explained in chapter 1, tunable stiffness materials can be potentially 

used in many applications. To achieve stiffness tunability multiple strategies have been 

proposed including rheological materials [147], [148], materials with phase change (by 

external/internal) [33], [34], [36], [37], [43], [134], [149]–[152], materials with glass 

transition [23], [153], [154], pneumatic jamming [19], [155], [156], or by combination of 

these methods [43], [157]. LMPAs have been extensively used as phase changing 

materials, as they have low phase changing temperature (melting point) and they are 

highly electrically conductive. To achieve stiffness tunability, LMPAs have been used in 

different shapes and forms including channels, layers, lattices and particles [33], [34], 

[36], [39], [43], [134], [135]. Besides stiffness tunability, incorporating LMPA can 

improve the thermal and electrical conductivity of the smart composites.  

The previously mentioned study on cPBE in chapter one [35] is an example of stiffness 

tunable composites through phase changing. Structured carbon black particulates 

dispersed in the elastomeric matrix of cPBE enhance electrical conductivity of the 
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composite. Although this composite is electrically conductive, the conductivity is still 

relatively low (≈ 20 S.m at room temperature), which means that its activation requires a 

high activation voltage.  Another study to achieve stuffiness tunability through phase 

changing is a three-component elastomer–particle–fiber composite [37]. In this study, 

field’s metal (FM) particles and nickel-coated carbon fibers have been incorporated into a 

PDMS matrix. Mechanical stiffness changes ≈20 times have been achieved through joule 

heating of the smart composite. However, this composite doesn’t demonstrate high 

enough electrical conductivity (≈ 104 S.m) either. Additionally, neither of these 

composites are rigid enough in the non-activated state which makes their applications 

limited.  

The proposed smart composite material in chapter 3 has high tunable stiffness property, 

however its electrical conductivity is too high and essentially not tunable. Tunable 

electrical conductivity allows one to design smart materials with appropriate electrical 

conductivity for specific applications such that the smart material component can be 

activated directly without using external heating. 

5.1 Introduction 

In this work, a novel class of robust LMPA wool sponge based smart composites with 

highly electrical conductivity and tunable stiffness properties are designed, fabricated, 

and characterized. The smart composites are made of a LMPA wool sponge network, a 

shape memory polymer (SMP) matrix with dispersed LMPA micro particles (Figure 5-1). 

The mechanical stiffness of these smart materials can be changed rapidly and reversibly 

when the composites are powered with electricity. The stiffness changing is due to the 
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phase transition of the LMPA components and the SMP glass transition, collectively. 

Thanks to the exceptional electrical conductivity of these composites, joule heating can 

be used to activate them rapidly.  FM has been used as the LMPA here. Below the 

melting temperature of FM (~62 ℃), elastic modulus of the smart composites is ≈ 273 

MPa, while above the phase transition temperature of SMP (~80 ℃) it is ≈ 8 MPa, which 

demonstrates a stiffness changing ratio of ≈ 33 times. The electrical conductivity is 

dependent on the volume fraction of the LMPA wool sponge network and can be pre-

adjusted while maintaining mechanical properties. These composites are mechanically 

and electrically robust and these properties make them excellent components for 

actuation applications for soft robotics.  

5.2 Results and Discussion 

The FM wool sponge shown in Figure 5-1 (A) is the main component of these 

composites which acts as the phase changing component and internal heater for the SMP 

matrix to get to the glass transition temperature.  Figure 5-1 (B) shows a composite of 

FM sponge (FMS) and SMP. These composites are highly conductive with dynamically 

tunable mechanical stiffness. However, these composites have a relatively high failure 

ratio after activating. To avoid this issue, we added FM micro-particles to the matrix to 

increase the connection in the network.  Figure 5-1 (C) shows such a three-component 

composite with a FM wool sponge, a SMP matrix and dispersed FM particles (FMP). 

These samples demonstrated a very robust behavior after being activated multiples times. 

Also, Figure 5-1 (D) and Figure 5-1 (E) show one of these composites holding a 200g 

weight in the non-activated (rigid) and activated (soft) states, respectively. It can be seen 
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that in the non-activate state the composite is much stiffer and can hold the weight with 

little deflection while in the activated state there is a large deflection. Improved 

robustness of these novel smart materials compared to previously reported ones in Ref 

[34], [36], [37] can be inferred from the more homogenous distribution of the LMPA 

phase inside the composite.The activation time is affected by the applied power.  

Deactivation time can be shorter due to the high thermal conductivity and can be faster if 

active cooling is adopted. 

 

Figure 5-1: A) Field’s metal wool sponge. B) Field’s metal wool sponge and SMP composite. C) Field’s 

metal wool sponge and SMP composite plus fields metal micro particles. C) A non-activated composite 

beam with 200 g dead weight applied. D) The activated composite beam with 200 g dead weight applied. 
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5.2.1 Fabrication 

To fabricate these smart composites, FM wool sponge is formed first. The 

fabrication process is shown in Figure 5-2. In order to make FM sponge, melted FM is 

injected into water at room temperature (Figure 5-2 (1)). In this process, once the melted 

FM jet enters water it solidifies in the form of a sponge.  Then the sponge is shaped into a 

mold made of PDMS (Figure 5-2 (2)). The PDMS mold is made through casting and 

curing in a 3d-printed mold. After that, SMP and FM are mixed using a sonicator 

(Fisherbrand™ Model 120 Sonic Dismembrator) to create micro-FM particles. The micro 

particles will be dispersed homogeneously into uncured SMP (Figure 5-2 (3)). The next 

step is to pour the mixture into the previously molded sponge. For the composite without 

FM micro-particles, we just pour pure SMP into the mold (Figure 5-2 (4)). To remove the 

trapped air inside the composite, we vacuum the mold at 27 inHg for 15 minutes (Figure 

5-2 (5)). Next, we cure the composite at 54 °C for 12 hours (Figure 5-2 (6)).     

The SMP consists of diglycidyl ether bisphenol, which is an epoxy monomer (EPON 

826) and the poly(propylene  glycol)bis(2-aminopropyl) ether curing agent (Jeffamine  

D-230), and neopentyl glycol diglycidyl ether (NGDE). 
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Figure 5-2: The fabrication procedures of the Fields metal sponge based smart composites. 

 

5.2.2 Electrical Properties Characterization 

To understand the microstructure of the fabricated smart composites, micro-CT scanning 

is used to obtain images of these composite at different cross sections (side view and top 

view). These micro-CT images are shown in Figure 5-3 (A and B).  It can be observed 
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that the FM sponge formed a continuous network which makes the composite highly 

electrically and thermally conductive. Scanning electron microscopy (SEM) images of 

the cross-sectional of these composites when only FM sponge is present in the SMP 

matrix are shown in Figure 5-3 (C and D). As mentioned before these composites are not 

electrically robust due to the lack of enough connections in the FM sponge network. 

Figure 5-3 (D) shows an SEM image of two FM fibers that don’t have any connections. 

In order to solve this problem and increase the electrical and thermal conductivity even 

more, FM micro-particles have been added to the SMP matrix. SEM images of the cross-

section when both FM sponge and FM micro-particles are included in the SMP matrix are 

shown in Figure 5-3 (E and F). The SEM image of two FM fibers of these composites in 

Figure 5-3 (F) shows FM micro-particles connect these FM fibers, which qualitatively 

verifies that adding FM micro-particles can enhance the connections in the network.  

To systematically characterize the electrical properties of these composites, samples with 

similar sizes (~ 5×3×60 mm3) and different FM sponge and FM micro-particles volume 

fractions have been made and their electrical resistance (R) have been measured. Then, 

using the equation of  𝜌 = 𝑅 . 𝐴 𝑙⁄  ,  the electrical resistivity 𝜌 can be calculated. In this 

equation A and l are the cross-sectional area and the length of the smart composite 

sample, respectively. Therefore, the electrical conductivity which is 𝜎 =  1 𝜌⁄  can be 

calculated too. The electrical conductivity and resistivity of these composites have been 

shown in Figure 5-4 (A) and Figure 5-4 (B), respectively. From Figure 5-4 (A) it can be 

observed that the electrical conductivity increases as the total volume fraction of FM 

(sponge and particles) increases. Therefore, the electrical conductivity of these 
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composites can be pre-adjusted if needed. Also, these composites demonstrate a 

significantly higher electrical conductivity up to 2.3×105 S.m compared to previous 

studies from Shan et al. [35] and Mohamadi Nasab [37] which show the maximum 

electrical conductivity of 20 S.m (at room temperature) and  1×10-4 S.m. Moreover, it can 

be seen from Figure 5-4 (A) that in lower FM sponge volume fractions by adding more 

FM micro particles the electrical resistivity decreases while keeping the FM sponge 

volume fraction constant. Therefore, adding micro-particles not only increases the 

electrical robustness but also it decreases the resistivity as well.   

Using a direct method (see Experimental Section for more details), the FMS and the 

total FM (sponge + particles) volume fractions of these composite samples are measured 

to be from ~ 9% to ~40% and ~ 9% to ~48%, respectively.  
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Figure 5-3: A and B) Micro-CT scanning images of the FM sponge and SMP plus micro particles. C and D) 

SEM scanning images of FM sponge and SMP composite. E and F) SEM scanning images of FM sponge 

and SMP composite plus FM micro particles. 
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Figure 5-4: A) Electrical conductivity of the composites with different Field’s Metal Sponge (FMS) and 

Field’s Metal Particles (FMP) volume fractions. B) Electrical resistivity of the composites with different 

FMS and FMP volume fractions. 
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5.2.3 Mechanical Properties Characterization 

The stress-strain behaviors of the fabricated smart composites are systematically 

characterized. These smart composites are rigid in the non-activated state and become 

soft upon activation through Joule heating. Figure 5-5 (A) shows the Young’s moduli of 

the smart composites in both non-activated and activated states with different FM volume 

fractions (FMP + FMS). The Young’s moduli of these composites are 273.14 ± 54.91 

MPa and 8.31 ± 1.19 MPa in the non-activated and activated states, respectively. From 

Figure 5-4 and Figure 5-5 it can be concluded that we can maintain the mechanical 

properties while tuning the electrical and thermal conductivity. Also, Figure 5-5 (B) 

shows the stress-strain plots of the smart composites in the non-activated and activated 

states with different FM volume fractions.  

Young’s moduli are obtained by calculating the slopes of S-S curves. The slopes are 

calculated on the initial linear portion of the curves using least-square fit. For non-

activated samples, the range for the least square fit is 0% to 0.5% strain and for activated 

samples it is 0% to 1%.  

The FMS and total FM (sponge + particles) volume fractions of these composite samples 

are measured to be from ~ 9% to ~26% and ~ 11% to ~36%, respectively, using the same 

method as in the previous section (more detail in Experimental Section). 
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Figure 5-5: A) Young’s moduli of the smart composites in the non-activated and activated states with 

different FM volume fractions. B) Stress-strain plot of the smart composites in the non-activated and 

activated states with different FM volume fractions. 
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5.3 Conclusion 

In conclusion, robust LMPA wool sponge based smart composites with highly electrical 

conductivity and tunable mechanical stiffness are designed, fabricated, and characterized. 

These samrt composites are rigid in the non-activated state with a Young’s modulus of ~ 

273.14 MPa and once activated through joule heating they become soft with a Young’s 

modulus of ~ 8.31 MPa, which means a changing ratio of ~ 34 times. These composites 

demonstrate superior electrical properties including tunable electrical conductivity and 

the ability to be highly conductive (up to 2.3×105 S.m). These composites can maintain 

their mechanical stiffness property while having different electrical conductivity. The 

fabrication of these smart composites is presented, and the mechanical and electrical 

properties of the smart composites before and after activation are characterized 

systematically using experiments. These smart composites can be used in many 

applications including soft robotics.  

5.4 Experimental Section 

5.4.1 Mechanical Testing: 

A motorized tensile test machine (Instron 6959) was used to measure the Young’s modulus 

of the smart composites. To ensure firm clamping cotton muslin fabric have been attached 

to the both ends of the composite samples using SIL-Poxy silicone rubber adhesive.   
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5.4.2 Electrical Properties Testing: 

AideTek VC480C Precision Milliohm Meters was used to measure the electrical resistance 

of the composite samples. To ensure reliable connection between the electrodes and the 

composites, we have added liquid metal droplets to both ends of the samples and inserted 

the electrodes into them. In this case we have similar testing conditions in terms of contact 

area for all samples.  

5.4.3 Volume Fractions Measurements: 

The volume fraction of each component in the composites, is calculated by measuring the 

weight and density of each component. The density of Field’s metal is considered to be 

7.88g/cc [158] and the density of SMP is measured to be 1.236g/cc. The total volume of 

the composite samples can either be measured directly using the geometry (length, width, 

and thickness) or can be calculated from the summation of the volume of all the 

components. The volume calculated using the geometry is not very accurate because the 

samples are not strictly cuboid. Thus, we used the second approach to calculate the total 

volume. Below is the step-by-step procedure of the volume fraction measurement 

method: 

1. PDMS mold weight is measured. 

2. PDMS mold + FMS weight is measured. 

3. Weight of the sponge is calculated. 

4. Weight of SMP and FMP (Field’s metal particles) in the mixture is measured. 
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5. The ratio of the FMP:SMP (weight ratio) is calculated. 

6. The distribution of the FMP in the liquid SMP is assumed to be uniform (during 

the molding process, it’s observed to be uniform). 

7. Total weight of the cured sample is measured. 

8. The weight of each component can be calculated. 

9. The volume of the components is calculated by using the density. 

10.  Volume fraction can be calculated. 
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Chapter 6 – Contributions and Future 

Work 

5.1 Contributions 

The major contribution of this dissertation is that different approaches of design and 

fabrication of LMPA-based smart materials have been developed and that their applications 

in soft robotics have been proposed and validated.  

The first major contribution of this dissertation is to propose, fabricate, characterize, 

and demonstrate a new class of robust bicontinuous elastomer-metal foam composites with 

highly tunable mechanical stiffness. The composite material is a bicontinuous network of 

two foams, one metallic, made of LMPA, and the other elastomeric, made of PDMS. The 

stiffness of the composite can be tuned by inducing phase changes in its LMPA component. 

Taking advantage of the mechanical properties of both materials makes possible large 

range of stiffness tuning and shape morphing. Below the melting point of the LMPA, 

Young’s modulus of the smart composites is ~1 GPa, whereas above the melting point of 

the LMPA it is ~1 MPa. Thus, a sharp stiffness change of ~1000× can be realized through 

the proposed bicontinuous foam composite structure, which is higher than most of the 

previous studies. We also used effective medium theory to predict the Young’s modulus of 

the bicontinuous smart composites, which generates reasonable agreement with 

experimentally measured Young’s modulus of the smart composites. 
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 Second, in this dissertation a novel concept of intelligent active morphing drone wings 

enabled by smart materials with tunable stiffness has been developed and implemented into 

a fixed-wing UAV to reduce energy consumption in flight. Green UAVs are emerging 

technologies that can maximize UAVs’ energy efficiency without degrading their overall 

performance. With the rapid growth of UAV applications, it is critical to develop green 

UAVs in practice. The proposed smart composite material has been utilized and 

customized for smart joints in fixed-wing UAV applications. Thanks to the fast and large-

range stiffness tuning property of this smart composite material, the proposed smart joints 

allow UAV wings to be reconfigurable under real-time flight conditions. In addition, a 

novel distributed system of smart joints has been designed along with an adaptive model-

based intelligent controller to better handle system uncertainties as compared with 

traditional PID controllers. In response to different aerodynamics encountered in flight, the 

UAV wing shape changes intelligently to minimize the drag and thus the energy cost. A 

simulation has been conducted to demonstrate the effectiveness of the developed control 

scheme. 

In chapter 4, we introduce a novel approach to achieve locomotion for soft robots 

through dynamically tunable friction, which is achieved by subsurface stiffness modulation 

(SSM) of a stimuli-responsive component within composite structures.  Currently soft 

robots primarily rely on pneumatics and geometrical asymmetry to achieve locomotion, 

which limits their working range, versatility, and other untethered functionalities. In this 

dissertation, we addressed these challenges. To demonstrate this, we design and fabricate 

an elastomeric pad made of PDMS, which is embedded with a spiral channel filled with a 
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LMPA. Once the LMPA strip is melted upon Joule heating, the compliance of the 

composite structure increases and the friction between the composite surface and the 

opposing surface increases. A series of experiments and FEA have been performed to 

characterize the frictional behavior of these composite pads and elucidate the underlying 

physics dominating the tunable friction. We also demonstrate that when these composite 

structures are properly integrated into soft crawling robots inspired by inchworms and 

earthworms, the differences in friction of the two ends of these robots through SSM can 

potentially be used to generate translational locomotion for untethered crawling robots. We 

note that better smart materials can make these tunable friction mechanisms more robust.  

Finally, a new class of robust LMPA wool sponge based smart composites with highly 

tunable electrical conductivity and tunable mechanical stiffness are developed. The 

mechanical stiffness of these smart materials can be changed rapidly and reversibly when 

powered with electricity. Thanks to exceptional electrical conductivity of these composites, 

joule heating can be used to activate them rapidly.  Elastic modulus of the smart composites 

is ≈ 273 MPa, while above the phase transition temperature of its SMP matrix (~80 ℃) it 

is ≈ 8 MPa, which means a stiffness change of ≈ 34 times. The electrical conductivity is 

dependent on the volume fraction of the LMPA wool sponge network and can be pre-

adjusted up to 2.3×105 S.m while maintaining mechanical properties. These composites are 

mechanically and electrically robust and these properties make them excellent components 

for actuation applications for soft robotics. 
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5.2 Future Work 

Building on the research studies presented in this dissertation, future work for smart 

materials with tunable properties for soft robotics applications can evolve in multiple 

directions.  

Near-term work on tunable stiffness smart materials can concentrate on improving the 

properties of the proposed new smart materials with high tunable stiffness and tunable 

conductivity.  These smart materials must be robust (when repeatedly used), very rigid at 

high rigidity state to be able to be used in various applications, and switch between high 

and low rigidity states rapidly. Immediate efforts can focus on designing novel smart 

materials with non-thermal stimulus that can be activated immediately.  

Near-term work on actively morphing drone wing using Smart materials will 

concentrate on testing the UAVs in real flight conditions. Additionally, other potential 

developed non-thermal stimulus smart materials with immediate response can be used as 

the smart joints to improve the efficiency more. More CFD simulations and wind tunnel 

experiments can be done to optimize the design and efficiency as well. Long-term efforts 

can focus on commercializing these designs. Also, the control algorithm needs to be 

improved. 

Near-term work on dynamically tunable friction can be focused on investigating 

different patterns and designs of the phase changing part for the subsurface stiffness 

modulation approach. Moreover, more FEA simulations are needed to fully understand this 
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phenomenon. Future work may also be aimed at integrating these mechanisms into 

different devices and actuators for different applications. 
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