
ABSTRACT 

WU, SHUANG. Mechanics Guided Soft Conductors, Sensors, and Robotics. (Under the direction 
of Dr. Yong Zhu). 
 

Stretchable devices and soft robots have been attracting significant attention. The focus of 

this research is to harness mechanical design to improve the performance of stretchable 

conductors, sensors, and soft robots. First, we introduce a highly conductive and stretchable 

conductor with buckle-delamination structure. A partially delaminated wavy geometry of the 

polymer film is created, which effectively reduces the local strain in the silver nanowires. The 

resistance change of the conductor is less than 3% with the applied strain up to 100%. A theoretical 

model on the buckle-delamination structure is developed to predict the geometry evolution, which 

agreed well with experimental observation. Finally, an integrated silver nanowire/elastomer 

sensing module and a stretchable thermochromic device are demonstrated to illustrate the utility 

of the stretchable conductor. This work highlights the important relevance of mechanics-based 

design in nanomaterial-enabled stretchable conductors.  

For stretchable sensors, we report a soft stretchable strain sensor with an unusual 

combination of high sensitivity, large sensing range, and high robustness.  Periodic mechanical 

cuts are applied to the top surface of the sensor, changing the current flow from uniformly across 

the sensor to along the conducting path defined by the open cracks. Both experiment and finite 

element analysis are conducted to study the effect of the cut depth, cut length, and pitch between 

the cuts. The stretchable strain sensor can be integrated into wearable systems for monitoring of 

physiological functions and body motions associated with different levels of strains, such as blood 

pressure and lower back health. A soft 3D touch sensor that tracks both normal and shear stresses 

is developed for human-machine interfaces and tactile sensing for robotics. 



For soft robots, we first introduce a bimorph thermal actuator that harnesses the snap-

through instability. The snap-through instability is enabled by simply applying an offset 

displacement to part of the actuator structure. The effects of thermal conductivity of the composite, 

offset displacement, and actuation frequency on the actuator speed are investigated using both 

experiments and finite element analysis. The actuator yields a bending speed as high as 28.7 cm-

1/s, 10 times that without the snap-through instability. A fast-crawling robot with locomotion speed 

of 1.04 body length per second and a biomimetic Venus flytrap were demonstrated to illustrate the 

promising potential of the fast bimorph thermal actuators for soft robotic applications. Secondly, 

we report a crawling robot that mimics the caterpillar locomotion with multiple crawling modes, 

controlled by joule heating of a patterned soft heater consisting of silver nanowire networks in a 

liquid crystal elastomer-based thermal bimorph actuator. With distributed heating pattern and 

switchable conducting channels, different temperature and curvature distribution are achieved, 

enabling bidirectional locomotion as a result of the adjustable friction competition between the 

front and rear end with the ground. The bidirectional actuation modes, the crawling speed, and the 

capability of passing through obstacles with limited space are investigated with experiments and 

finite element analyses. The strategy of patterned and distributed heating and actuation with 

thermal responsive materials offers new capabilities for smart and multifunctional soft robots. 

Finally, we combined the snap-through instability  with liquid crystal elastomer to improve the 

actuation force while maintaining fast actuation speed. The actuator yielded a peak bending speed 

as high as 27.1 cm-1/s, an actuation force of 46.5 mN and low energy consumption of only 0.21 

mW/mm2. We demonstrated the usability of the bimorph thermal actuator with a crawling robot 

for soccer games and a soft gripper. This snap-through mechanism reported in this work can be of 

great potential in soft actuators and robotics.  
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CHAPTER 1 Introduction 

Stretchable electronics have attracted intensive attention due to their promising 

applications in many areas where the soft and stretchable devices undergo large deformation and/or 

form conformal contact with curvilinear surfaces. Stretchable technology has significantly 

broadened the applications of conventional electronics to new areas such as continuous health 

monitoring, human-machine interfaces, and electronic skins in robotics and prosthetics.1-5 There 

are two main strategies to develop stretchable devices based on the materials used – 

nanocomposites with synthesized nanomaterials dispersed into a polymer matrix6-12  and deposited 

thin films exploiting mechanically guided structural design.13-15 Other strategies include using 

liquid metals patterned and encapsulated into channels of elastomer substrates.16  

1.1 Material Strategy for Stretchable Devices  

For the material strategy, a wide variety of nanomaterials have been employed such as 

metal nanoparticles,17 nanowires,7, 18 carbon nanotubes,10-12 graphene19, and liquid metal.16 (Figure 

1.1) A number of low-cost, scalable printing or solution-processed methods have been developed 

recently to deposit and pattern the nanomaterials.20 The key to this strategy is in maintaining the 

conductive percolation pathways when the substrate or matrix is stretched. Several approaches, 

such as using ultralong nanowires and hybrids of different types of nanomaterials,21-22 were 

exploited to enhance and maintain the conductivity. This strategy is typically achieved by creating 

a conductive network in an elastic polymer matrix, exploiting the deformation of polymer matrix 

and conductive network to achieve highly tunable electrical and mechanical properties. By 

selecting different nanomaterials and designing conductive networks into different topologies and 

microstructures, it is possible to tailor the conductive properties of the composite materials to suit 
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different applications including wearable sensors, stretchable conductors and electrodes, and 

flexible energy-harvesting and storage devices.  

Carbon based nanomaterials have been attracting significant attention for stretchable 

conductive nanocomposites because of their excellent electrical conductivity, outstanding 

mechanical fatigue resistance, good chemical/thermal stability, and relatively low cost. Up to now, 

carbon nanotubes (CNTs), carbon nanofibers (CNFs), carbon blacks (CBs), and graphene are the 

most popular carbon-based conductive nanofillers for stretchable conductive nanocomposites.23-28  

Although carbon-based conductive nanofillers have good chemical stability and fatigue 

resistance, their intrinsically low electrical conductivity remains a major obstacle for stretchable 

electronics where high conductivity is required. Metal-based nanofillers such as silver, gold, and 

copper nanowires with various aspect ratios are emerging as viable conductive nanofillers for 

conductive nanocomposites because of their inherently high electrical conductivity. Among all the 

metal materials, Ag has the highest electrical conductivity29. Silver nanowire (AgNW) is a great 

candidate for stretchable electronics. The fabrication of large-area AgNWs networks is a 

prerequisite for its use in various types of equipment. The use of flexible polymers as the substrate 

for the AgNWs can well disperse into a uniform network. In the composite process of AgNWs and 

polymer substrates, how to uniformly adhere the dispersed AgNWs to the substrate with lower 

contact resistance and better uniformity is the most important problems during the fabrication. 

Traditional technical solutions usually include spin coating30, drop-casting31, dip coating32, spray 

coating33.  
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Figure 1.1 (a) SEM and TEM images of (PU/NP)2.
17 (b) SEM image of the AgNW film on Si 

substrate.7 (c) SEM image of carbon nanotube sheets.10 (d) Photograph and SEM images of 
Graphene film.19 

 
1.2 Mechanical Design for Stretchable Electronics 

A number of mechanically guided structural designs have been reported, such as wavy 

structures, buckling-driven delamination, island-bridge, serpentines, 3D pop-up, origami and 

kirigami.15, 34-38 The  “wavy”  designs is one of the representative  works towards stretchability,  in  

which  the  applied  tensile  strains  of  the  overall  system  are  accommodated  mainly  through  

changes  in the amplitudes and wavelengths of the wavy structures.13, 15, 39-40 (Figure 1.2a)Besides 

metallic thin films, nanowire/polymer composites has also been developed with wavy structure for 

achieving stretchability.7 (Figure 1.2b) Based on this phenomenon, the wavy structure has been 

extensively studied and expanded. For example, the buckle-delamination structure has gained 

growing interest. By creating selective bonding sites between the film and the substrate, periodic 

delamination patterns have been formed for stretchable electronics, where the peak strain in the 

film can be two orders of magnitude smaller than the applied strain.36, 39 (Figure 1.2c) Another 
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type of buckle-delamination, spontaneous buckle-delamination has been recently reported.41-42 

Compared to the constrained buckle-delamination, the spontaneous buckle-delamination is simple 

and does not require the complex procedure of defining the adhesion sites lithographically. 

Another common strategy is the island-bridge structure which has been developed with 

outstanding stretchability. (Figure 1.2d) In this structure, the  discrete  islands  (rigid  parts)  

adhered  to  the  flexible  substrates  are  connected  by  stretchable  bridges  (electrical  

interconnects),  wherein  the  islands  remain  strongly  bonded  with  the  substrate,  while  the  

bridges  typically  remain  weakly  bonded  with  the  substrate.  As  a  result,  the  functional  

components  on  the  islands  are mechanically  isolated and free of damage.43-45 

 Serpentine structures have also been widely used for stretchable interconnects. (Figure 

1.2e) Under  stretching,  arc-shaped  interconnects  can  effectively  deform  out  of  plane  to  

accommodate  the  applied  strain.  In  practical  applications,  the  serpentine  interconnects  can  

be  either  fully bonded or suspended on the substrate.43, 46   

The 3D popup structure offers structural design with exceptionally  low  effective  modulus  

and  high  elastic  stretchability,  as  a  particularly  very  attractive  design  in  stretchable  inorganic 

electronics. Some examples including 3D helical structure, self-assembling structure have been 

developed for stretchable interconnects.47-48 (Figure 1.2f) 

Origami and kirigami are based on Japanese traditional art, which fold and cut thin sheet 

of materials to accommodate the deformation of the structure. This strategy has now been widely 

used for stretchable sensors, actuators, heaters, antennas, and energy storage devices.49-54  (Figure 

1.2g) 
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Other mechanical designs including fractal design55-56, fibers and yarns57-58, textile 

integration59-60, porous structures32, 61, etc. have been widely studied and implemented on a variety 

of stretchable devices. (Figure 1.2h i) 

 

Figure 1.2 (a) SEM image of wavy, single-crystal Si ribbons on top of PDMS.13 (b)S EM image 
of the AgNW/PDMS surface after the stretching and releasing cycle.7 (c) SEM image of controlled 
buckled GaAs ribbons on PDMS.39 (d) Optical image of the island-bridge structure.43 (e) Optical 
images of the Cu electrode pads and self-similar interconnects on a Si wafer.46 (f) SEM images of 
a complex 3D mesostructure formed from a 2D precursor.47 (g) Optical images of the AgNW/PI 
temperature sensor.49 (h) Integrated textile patch consisting of four dry electrodes, a capacitive 
strain sensor, and a wireless heater.59 (i) Photograph of energy-harvesting  yarn structure.57 

Based on these two strategies—materials and mechanical designs, a wide variety of 

stretchable devices have been developed intensively, including stretchable conductors, sensors, 

actuators, transistors, batteries and displaying devices. Among all these devices, stretchable 

conductors and sensors are the most fundamental building blocks for a functional stretchable 

system. 
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Other than stretchable conductors and sensors, soft robots have been another emerging 

field that also combines soft materials and mechanical design to achieve functions that outperform 

traditional robots. The following sections give a summary of materials and strategies developed 

for soft robots. 

 
 
 
 
 
  



 

7 
 

1.3 Soft Robots 

Soft robotics have been extensively explored recently because of its intrinsic softness and 

compliance characteristics, large and continuous deformation, large number of degrees of freedom 

(DOFs), resilience to the impact. Compared with the conventional hard robots, soft robots can 

interact with humans more friendly and safely, better handle delicate and fragile objects and 

operate in more complicated environments. The use of soft materials for building robots raises 

challenges for pushing the boundaries of robotics technologies and building robotic systems for 

versatile applications. The compliance and the elasticity of soft body parts allow reactions with 

surrounding environment with animal-like interactive manner. The study of natural existing 

animals can shed light on principles that help improve the functionalities. 

1.3.1 Actuation Methods for Soft Robots 

Researchers have been exploring different actuation methods for soft robots using a variety 

of stimuli, including pressure 62-64, heat 65-69, electrical field 70-72, magnetic field 73-75, and chemical 

stimuli 76-77.  

Pressure stimulated soft robots normally use pneumatic or hydraulic pressure to inflate the 

embedded channels in soft body to deform the structure in a controlled manner. This type of 

architecture is often called Pneu-Nets (PN). For example, a soft lithography enabled pneumatically 

actuated robot is capable of sophisticated locomotion (e.g., fluid movement of limbs and multiple 

gaits).63(Figure 1.3a)  Another pneumatic climbing robot showed climbing speed of 286 mm/min 

(1.6 body length/min) while carrying 200 g object during climbing on ground and under water.78 

Pneumatic actuators and robots. Hydraulic actuation is less common than pneumatic but can 
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produce a larger force. A soft robotic fish capable of 3D swimming, such as forward swimming, 

diving, and turning, was reported.79 

Electrothermal actuation is widely used for soft robots. Electrothermal actuators are 

systems that use electrical current passing through an electrically resistive material to generate 

Joule heating for expansion or contraction. In theory, any material with mismatch in coefficient of 

thermal expansion (CTE) can form a bimorph actuator. A low-voltage and extremely flexible 

electrothermal bimorph actuator made of flexible AgNW/PDMS based heaters has been reported 

with a fast heating rate of 18 °C s−1 and stable heating performance with large bending.65 Thermal 

actuators can also be based on shape memory alloys,80 shape memory polymers,81 or liquid crystal 

elastomers (LCE),82-83 (Figure 1.3b-d)  which provides higher actuation power. Among these 

thermal responsive materials, LCE, as newly emerging soft actuating materials, exhibit large and 

reversible deformation and versatile actuation modes. Based on the molecular structure, LCE can 

be viewed as a combination of liquid crystal molecules and polymer networks. When the LCE is 

heated above the critical temperature, it can generate large deformation because of the nematic-

isotropic phase transition. With recent development of 4D printing techniques, LCE can be directly 

fabricated through direct ink write (DIW) method [18, 19]. During this process, the oligomers (ink) 

need to be heated up (tune viscosity) and loaded into nozzle, as the ink is gradually extruded from 

the nozzle, mesogens can be directly aligned by shear force, then the sample can be UV photo 

crosslinked after printing. The uniqueness of DIW is that mesogens can be spatially determined 

achieved through designing the printing pathway, resulting in complex 3D deformation modes can 

be easily realized. 

Electrically driven actuation is another common soft actuation method. Electrically driven 

soft actuators exploit the Maxwell stress to induce a mechanical shape change in dielectric soft 
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materials. For example, dielectric elastomer actuators (DEAs) have opposing soft electrodes on 

both sides of an elastomer sheet, which generates contraction along the thickness direction 

(direction of the electric field) and expands in the area orthogonal to the thickness direction. Shape-

morphing DEAs can be designed with embedded internal electrodes between layers of elastomer 

sheets,84 and interdigitated DEAs can be 3D-printed to enable multi-axial actuation.85 Nevertheless, 

to deliver large strains, DEAs often require multilayer strain-stiffening elastomers.86 (Figure 1.3e)   

DEAs offer high electrical control and electromechanical actuation performance; however, they 

can suffer from dielectric breakdown at elastomer defects, hindering their large-scale fabrication. 

Also DEAs typically require large input voltage, which causes safety issues in some applications. 

External magnetic field-controlled soft actuators are being intensively investigated, 

because they can operate remotely, and they can be applied via minimally invasive surgery and 

targeted drug delivery. The amplitude, gradient and direction of the magnetic field can be 

modulated with high temporal resolution, enabling deep tissue penetration. Magnetic actuators are 

actuated by the torques or forces generated by the interaction between controlled external magnetic 

fields or gradients and the magnetic properties of the actuator. With sophisticated control of 

external magnetic fields and actuator magnetization profiles, composite devices can achieve 

multimodal locomotion,73, 87 (Figure 1.3f)   bio-inspired movement and functions,88-89 and complex 

deformations.89 By combining magnetic properties with other material attributes and structural 

designs, more advanced functions can be achieved, such as shape memory, environmental self-

adaptation, mechanical tunability and logic circuits.90 High-frequency magnetic fields can also 

excite magnetic particles and remotely generate heat to activate soft actuators without any physical 

contact.91 However, to generate magnetic field, a complicated system and confined field space is 

the major limit for more versatile applications. 



 

10 
 

Chemical stimuli, such as humidity, pH, and chemical substances (liquid or vapour), can 

also actuate stimuli-responsive soft materials in untethered manner. Hygroscopic actuators exploit 

the volumetric swelling behavior of water-absorbing materials to achieve locomotion and 

programmed shape morphing.92 (Figure 1.3f)  Actuators can also respond to changes in  pH,93 

change of solvent,94 the presence of solvent vapours.95 Furthermore, they can be easily scaled down 

in size and are wirelessly controlled, which enables good mobility in complex and hard-to-reach 

environments, such as inside the human body. Untethered actuators can further use ubiquitous 

energy sources and respond to environmental changes, such as light illumination, temperature 

change and humidity gradients. However, the work density and force output are generally smaller 

than other methods mentioned above. Also, deformation and motion are dynamically coupled to 

their relative position from their energy source; for example, in a steady magnetic field, a magnetic 

actuator experiences different torques or directions of force depending on its orientation and 

location; and a light-triggered actuator has a different effective illumination area after it deforms 

because of the self-shadowing effect and incidental angle change. Typically, chemical-responsive 

materials enabled soft robots usually suffer from low actuation speed and output force owing to 

slow chemical reaction. 
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Figure 1.3 (a) Untethered pneumatic robot carrying weight.62 (b) Shape memory alloy enabled 
soft bending actuator.80 (c) Shape memory polymer enabled soft actuator.81 (d) Programmed 
LCE films stacked with interfacing glass sheets.82 (e) DEA used to actuate a polymer replica of 
the bones of arm.86 (f) Magnetic and ultrasound guided locomotion in a synthetic stomach 
phantom.73 (g) Ratcheted locomotion of humidity responsive hygrobots.92 
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1.3.2 Mechanical Design for Soft Robots 

Despite all kinds of materials developed for soft robots, mechanical design also plays an 

important role for enhancing performance and expanding the applications. As described in section 

1.2, a variety of mechanical designs have also been adopted for soft robots.  

For example, a kirigami skin enabled crawling robot shows a transformation from flat 

sheets to 3D-textured surfaces.96  (Figure 1.4a) A reversible shape-morphing and color-changing 

soft robot was fabricated using a 3D self-assembling structure.69 (Figure 1.4b) A Kresling origami 

inspired robotic arms was developed with multiple degree-of-freedom and complex motions.97 

(Figure 1.4c) 

In addition to the mechanical designs mentioned above, mechanical instability has recently 

attracted attention in the field of soft robotics. Instability is initially considered as design failure 

because of its unpredictable and abrupt deformation. However, this fast transition between stable 

states provides new opportunity for soft robot design. A typical bistable structure has two stable 

shapes which indicate the state with minimum energy. To transfer between these two stable states, 

an energy barrier needs to be overcome. The  most  common  type  of  structural  instability  is  

buckling,  where  slender  elements  (beams, films, shells)  undergo  a  sudden,  drastic  deformation  

after  a  slight  increase of an existing compressive load. Typical construction of bistable actuators 

involves combining a bistable element (buckled beam or plate) and two active elements that 

antagonistically drive the bistable transformation. An actuator enabled by the  cooperative  torsion  

and  collapse  of  a  set  of  elastomeric  beams  upon  the  application  of  negative  pressure has 

been demonstrated with  soft  robotic  grippers, crawlers, and  swimmers.98  An entirely soft gripper 

consisting of three bistable, pneumatic actuators inspired Venus Flytrap has been developed   with 

a  prestretched  elastomeric  layer  and  a  strain  limiting  layer.99 (Figure 1.4d) A soft acrylic 
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membrane being inflated near the onset of instability showed an increase of 1692% in area within 

150s (over 200 times faster than without instability).100 (Figure 1.4e) A soft bistable valve was 

reported to switch between different states using pneumatic pressure triggered snap-through 

instability.101 In another work, a soft actuator comprised of interconnected fluidic segments 

harnessed snap-through instability to amplify the changes in internal pressure, extension, shape, 

and exerted force.102 For locomotion robots, a spine assisted soft crawling robot leveraging the 

elastic instability was reported with high locomotion speed and large actuation force.64(Figure 

1.4f) 

 

Figure 1.4 (a) Kirigami-skinned soft crawler.96 (b) A chameleon-like structure with reversible 
shape-switching and three-color-changing behaviors.69 (c) Kresling origami enabled actuator.97 (d) 
Instability enabled Venus flytrap robot.99 (e) A soft dielectric membrane, mounted on a chamber, 
pressured into a balloon.100 (f) Spine-inspired bistable soft actuators.64 
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1.4 Dissertation Scope and Organization 

The aim of this dissertation is to introduce mechanical designs to guide the development 

of stretchable conductors, stretchable strain sensors and soft robotics. This dissertation is presented 

as five separate chapters with a comprehensive introduction (Chapter 1) on the materials and the 

mechanics of stretchable devices and soft robots, as well as a summary (Chapter 7) which 

concludes the primary findings and suggested future work.  

Chapter 2 introduces a spontaneous buckle-delamination enabled stretchable conductor. 

Mechanical analysis was developed to predict the geometry evolution, which agreed well with the 

experimental observation. The electric performance was tested with cycle loading. Finally, an 

integrated AgNW/elastomer module and a stretchable thermochromic device were demonstrated 

to illustrate the utility of the stretchable conductor. 

Chapter 3 introduces a soft stretchable strain sensor enabled by combining the use of 

nanomaterials with a novel surface cut design. Experiments and finite element analysis have been 

conducted to study the effect of the cut depth, cut length, and pitch between the cuts, highlighting 

excellent tunability of the GF, sensing range, and reversible range of the sensor. The stretchable 

strain sensor was integrated into two systems for wearable monitoring of blood pressure and lower 

back health, demonstrating the capabilities for small-strain and large-strain sensing, respectively. 

Also, a soft 3D touch sensor that tracks both normal and shear stresses was developed for human-

machine interfaces and tactile sensing for robotics.  

Chapter 4 introduces a a bimorph thermal actuator, based on a silver AgNW/PDMS 

composite, with snap-through instability to achieve fast actuation. The snap-through instability 

was introduced by applying an offset displacement to the passive ribbon. Both experiments and 

finite element analysis were conducted to investigate the effects of thermal conductivity of the 
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AgNW/PDMS composite, offset displacement, and actuation frequency on the actuator 

performance. A fast-crawling robot with locomotion speed of 1.04 body length per second (BL/s) 

and a biomimetic Venus flytrap were demonstrated to illustrate the promising potential of the fast 

bimorph thermal actuators for soft robotic applications. 

Chapter 5 introduces an LCE-based crawling robot that mimics caterpillar locomotion with 

multiple actuation modes and controlled by joule heating of patterned silver nanowire heaters. 

With the designed AgNW heating pattern and switchable conducting channels, different 

temperature distributions and hence curvature distributions have been achieved, resulting in 

different friction competition between the front and rear ends with the ground. The actuation 

modes, the crawling speed, and the ability of passing through obstacles with small gap have been 

studied with experiment and finite element analysis. 

Chapter 6 introduces a bimorph thermal actuator, composed of silver 

nanowire/polydimethylsiloxane (AgNW/PDMS) composite and LCE, with snap-through 

instability to achieve fast and robust actuation. The actuation force reached 46.5 mN which is 28.5 

times its self-weight. A gripper with fast speed showed 135.5 ms reaction time during a ruler drop 

test. A crawling robot is demonstrated with capability of dribbling and shooting a soccer ball that 

is 23.7 times of its self-weight.  

Chapter 7 summarizes the important results of this work and provides an outlook of future 

works. 
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CHAPTER 2 Buckle-delamination Enabled Stretchable Silver Nanowire Conductors 

2.1 Introduction 

The field of stretchable electronics has evolved rapidly in the past decade. Stretchable 

electronics has significantly broadened the applications of conventional electronics to new areas 

such as continuous health monitoring, human-machine interfaces, and electronic skins in robotics 

and prosthetics.1-5 Stretchable conductors, as the most fundamental building blocks of stretchable 

electronics, have attracted loads of attention. There are two main strategies to develop stretchable 

conductors based on the materials used – nanocomposites with synthesized nanomaterials 

dispersed into a polymer matrix6-12  and deposited thin films exploiting mechanically guided 

structural design.13-15 Other strategies include using liquid metals patterned and encapsulated into 

channels of elastomer substrates.16 

For the nanocomposite strategy, a wide variety of nanomaterials have been employed such 

as metal nanoparticles,17 nanowires,7, 18 nanoflakes,103 carbon nanotubes,10-12 and graphene.19 A 

number of low-cost, scalable printing or solution-processed methods have been developed recently 

to deposit and pattern the nanomaterials.20 The key to this strategy is in maintaining the conductive 

percolation pathways when the substrate or matrix is stretched. Several approaches, such as using 

ultralong nanowires and hybrids of different types of nanomaterials,21-22 were exploited to enhance 

and maintain the conductivity. Despite the exciting progress, the conductivity of such composites 

typically drops with increasing strain applied to the substrate/matrix. On the other hand, the 

structural design strategy can significantly reduce the effective strain on the conductors, leading 

to nearly constant conductivity irrespective of the applied strain.38 However, so far this strategy 

has been mainly applied to the deposited thin films, relying on costly microfabrication processes 
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(e.g., vacuum deposition and photolithography). It would be interesting to exploit the structural 

design strategy for the nanocomposites.  

A number of mechanically guided structural designs have been reported, such as wrinkles, 

buckling-driven delamination, serpentines, 2D spirals, 3D helices, and kirigami.15, 34-38 When a 

bilayer structure consisting of a stiff thin film and a soft substrate is compressed, there are two 

typical modes of buckling instability, wrinkling and buckling-driven delamination, corresponding 

to strong and weak interfacial bonding, respectively.104 The stretchability offered by wrinkling is 

relatively small (<20%).38 Recently buckle-delamination has gained growing interest. By creating 

selective bonding sites between the film and the substrate, periodic delamination patterns have 

been formed for stretchable electronics, where the peak strain in the film can be two orders of 

magnitude smaller than the applied strain.36, 39 Another type of buckle-delamination, spontaneous 

buckle-delamination has been recently reported.41-42 Compared to the constrained buckle-

delamination, the spontaneous buckle-delamination is simple and does not require the complex 

procedure of defining the adhesion sites lithographically. Furthermore, it would be interesting to 

compare which type of buckle-delamination is more effective in releasing the strain energy and 

hence leading to a higher level of stretchability.   

Here, for the first time, we report exploiting the spontaneous buckle-delamination for 

nanocomposite-based stretchable conductors. The stretchable conductor was fabricated by 

bonding a silver nanowires/Polydimethylsiloxane (AgNW/PDMS) composite film onto a 

prestrained Eco-flex substrate. When releasing the prestrain, the spontaneous delamination was 

generated. Mechanical analysis was developed to predict the geometry evolution, which agreed 

well with the experimental observation. Finally, an integrated AgNW/elastomer module and a 

stretchable thermochromic device were demonstrated. 
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2.2 Experimental Section 

2.2.1 Fabrication of stretchable AgNW conductor 

 AgNWs in ethanol solution with an average diameter of 90 nm and length of 20–30 μm 

were shaken for 5 minutes before use to disperse the nanowires in the solution. The AgNW solution 

was drop-casted on plasma treated tattoo paper; at the same time, the solution was heated by a hot 

plate at 50 °C to evaporate the solvent. After the evaporation of ethanol, the patterned AgNWs 

were thermally annealed at 150 °C for 20 min. Then liquid PDMS (SYLGARD 184) with a weight 

ratio of 10 : 1 was spin-coated onto the AgNW film, degassed and subsequently thermally cured 

at 100 °C for 1 hour. For the substrate we used Eco-flex 00-30 (Smooth-on) with weight ratio of 

1:1. The substrate was naturally cured in room temperature for 24 hours and cut into desired shape. 

Then the AgNW/PDMS composite film was transfer printed onto pre-stretched Eco-flex substrate 

by washing off the tattoo paper with water. Finally, simply releasing the pre-strain on substrate 

gives the upper film a sinusoidal shaped buckle-delamination structure. Cu wires were attached to 

the two ends of the conductor by silver epoxy (MG Chemicals) for connection to the power source.  

2.2.2 Fabrication of stretchable thermochromic conductor  

To add a layer of temperature sensitive color changing layer we first spin coat a layer of 

liquid PDMS (SYLGARD 184) with thermochromic powder mixed inside onto the tattoo paper. 

To increase contrast during color changing, we also added some yellow acrylic paint together with 

red thermochromic powder forming an orange color as initial state.  The thermal chromic powder 

is red in room temperature (23℃) and become transparent when the temperature rises to ~35℃. 

Then the AgNW/PDMS composite film was fabricated on top of the thermochromic PDMS layer. 
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The rest of fabrication procedures are exactly the same as discussed in the fabrication of AgNW 

conductor. 

 
2.3 Results and discussion 

Figure 2.1a illustrates the fabrication process of the stretchable conductor. First, AgNW 

solution was drop cast onto a sacrificial substrate. After the solvent was evaporated, AgNWs were 

randomly distributed to form a percolation network. A thin layer of polydimethylsiloxane (PDMS) 

was spin-coated on top of the AgNW network and cured at room temperature. After curing, 

AgNWs were embedded just below the surface of PDMS (Figure 2.1b). Then the AgNW/PDMS 

composite film was peeled off from the sacrificial substrate and attached to a pre-stretched Eco-

flex ribbon by van der Waals forces. Finally, releasing the pre-strain on the Eco-flex substrate 

rendered the AgNW/PDMS composite film partially delaminated from the substrate in a periodic 

wavy form. In addition to stretching, the AgNW/PDMS/Eco-flex structure is stable under bending 

and twisting (Figure 2.1d).     

Instability of a thin film bonded to a substrate under compression has been well studied.104 

As the compressive strain increases beyond a critical value, the thin film starts to wrinkle, showing 

a   sinusoidal shape, which evolves to localized buckling-driven delamination under increasing 

compression.13, 105-106 As illustrated in Figure 2.1a, a uniaxial tensile pre-strain pre  on the Eco-

flex    substrate was applied. Then a stress-free AgNW/PDMS composite film with length L0 (1+

pre ) was attached onto the Eco-flex substrate. When the pre-strain was released, the substrate 

underwent a compressive strain apply  increasing from 0 to 1/ (1+ pre ). As the compressive strain 

gradually increased, a 1-D periodic buckle-delamination structure was generated, as shown in 

Figure 2.1c.  
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Figure 2.1 (a) Schematic illustrations of the fabrication process of the buckle-delamination 
enabled stretchable conductor. (b) Schematic cross-sectional view of the stretchable conductor 
showing the AgNWs just below the PDMS surface (not to scale). Note that the AgNW/PDMS 
composite layer is much thinner than the pure PDMS layer. (c) Photographs of the stretchable 
conductor stretched from 0% to 100% in the longitudinal direction and the SEM image showing 
the top surface of the conductor. (d) Photographs of the stretchable AgNW conductor bent and 
twisted.  

Figure 2.2a shows the top-view and side-view optical images of the buckle-delamination 

process when a 100% pre-strain (equivalent compressive strain apply of 50%) was released 

gradually.  Periodic delamination of the AgNW/PDMS film occurred sequentially. The 

delaminated buckles or blisters popped up one by one with the increasing compressive strain.107 

From the experiment we can observe that the location of each blister the sequence of blister 

popping up are random and not repeatable, under repeated stretching and releasing of the substrate. 

This phenomenon could be due to the imperfection of the interface between the AgNW/PDMS 

composite film and the Eco-flex substrate. Though the blisters occur at random locations, the final 

configuration tends to be the same, with almost uniformly distributed periodic structure in terms 

of both amplitude and wavelength. In Figure 2.2a, we can see the gaps between the blisters show 

a very interesting self-adjusting behavior: the 2nd and 3rd blisters tend to come closer and the 6th 

blister moves left to give way to the growing 7th blister. Figure 2.2b shows the side-view of buckle-
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delamination evolution of a typical blister under the increasing compressive strain. It can be seen 

that the blister height keeps increasing while the width increases first then decreases under further 

compression. Such a self-adjusting behavior is effective in mitigating the local strain 

concentration, which contributes to achieving larger stretchability.  

 

Figure 2.2 (a) Photographs of the stretchable AgNW conductor under compressive strain (0%-
50%) from both top view and side view. (b) Photographs tracing the first delaminated blister from 
0% strain to 50% strain. 

 
Figure 2.3a shows that the evolution of blisters includes three stages, in terms of width δ 

and height h, with respect to the compressive strain. We assume the film is inextensible and the 

membrane strain is negligible during deformation.  

Stage I: When the compressive strain is beyond the critical wrinkle strain 

2/3(3 ) 4cw s fE E  , where  fE  and sE are the effective Young’s modulus calculated by
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2/ (1 )f fE   and 2/ (1 )s sE  with fE , f , sE , s  being the Young’s modulus and Poisson’s ratio 

of the AgNW/PDMS composite film and Eco-flex substrate. The critical wrinkle strain cw  is 

typically very small, predicted to be 2.1% in our case, which was not observed in our experiment. 

With the increasing compression, the wrinkle amplitude grows, thus delamination may occur as a 

result of increasing normal and shear forces at the interface. At the critical delamination strain cd

, the first blister delaminates from the substrate overcoming the interfacial fracture toughness. The 

relationship between and is given as  22 4
max(3 4 ) / / 16(1 )cd cw s s sE          , where max

is the maximum stress between AgNW/PDMS composite film and Eco-flex (interfacial 

strength).104, 108 In our experiment, the onset of delamination was observed to occur at 4.3%, which 

agrees reasonably well with theoretical prediction 4.1%cd  . 

Stage Ⅱ starts with the first blister popping up and delaminating from the substrate. The 

evolution of blisters still follows the shape of a sinusoidal function that can be described by 

2
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where δ and h are the wavelength and amplitude of the blister. Using an energy-based mechanical 

model developed by Zhang and Yin,42 the solution of δ and h in this stage are given as 
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where t is the thickness of the upper film, fE is the effective Young’s modulus defined by

2/ (1 )f fE   with fE and f  the Young’s modulus and Poisson’s ratio of the AgNW/PDMS 

composite film, is the compressive strain, and   is the interfacial toughness that can be measured 

(e.g., by peel test).109 Note that considering the AgNW/PDMS composite layer is much thinner 

than the pure PDMS layer (thickness ratio of 3:100), the Young’s modulus and Poisson’s ratio of 

PDMS were used for the AgNW/PDMS composite film.  

In Figure 2.3a, we can observe a drop in the width of the blister after ~20% compressive 

strain in the experiment, which conflicts with the width evolution predicted by equation (2). This 

is due to the limitation of the sinusoidal assumption in the model. This indicates the emergence of 

a new stage (stage Ⅲ) and a new model would be needed.   

In stage Ⅲ, the number of the periodic blisters remains unchanged as observed from the 

experiment, while the width of the blisters starts to decrease with increasing strain. The width of 

the blister was found to linearly decrease with the increasing applied strain, as given by  

max (1 ) / (1 )apply T                                                        (3) 

where max is the maximum width of the blister when the applied strain reaches T , which is the 

transition strain between stage Ⅱ and stage Ⅲ. In this experiment, the transition strain was found 

to be around 20%.  

Since the delamination stops growing during stage Ⅲ, the blisters are under pure bending 

with both ends of each blister fixed. Thus it becomes an elastica problem.110 The blister width and 

height are given by42 
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where  s  is defined as rotation field along the curvilinear coordinate ( / 2, / 2)s l l  , and

( / 4)l    is the rotation angle at ¼ length of a blister length, E(,) is the incomplete elliptic 

integrals of the second kind, am and cn are the Jacobi amplitude and the Jacobi cosine amplitude 

functions, respectively. αis a dimensionless parameter determined by the angle of rotation.108 

Figure 2.3a shows the comparison between theoretically predictions and experimental 

measurements of both h and δ. The experimental results start when the pop-up of the first blister 

was observed. The theoretical h and δ are derived from equation (2) in stage II and equation (4) in 

stage III, respectively. For both stages II and III, the experimental and theoretical results agree 

well. Figure 2.3b shows the comparison between experiment and theory on cross-sectional profiles 

when the applied strain was 10% (stage Ⅱ with sinusoidal function) and 50% (stage Ⅲ with 

elastica function), where the predicted profiles are overlaid on top of the images.  

Based on the theoretically predicted geometry function, we can calculate the strains in the 

AgNW/PDMS composite film using a simple bending model, 

2

t



                                                                      (5) 

where  3/221 /w w    is the radius of curvature, and t is the thickness of AgNW/PDMS 

composite film. For the periodical buckle-delaminated structure, the maximum strains locate on 

the extremum points of the sinusoidal profile where. Substituting equations (1) and (2) into 

equation (5), the peak strain on the AgNW/PDMS composite film can be calculated as 
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From equation (6) we can see that the peak strain on the AgNW/PDMS composite film 

depends on the pre-strain, the interfacial toughness and the elastic property and thickness of the 

AgNW/PDMS composite film.  With the increasing prestrain or stronger interfacial bonding, the 

blisters tend to have higher aspect ratio that leads to a higher peak strain. With the increasing 

effective Young’s modulus or film thickness, the blisters tend to be flat and have a smaller peak 

strain.  

Another way of forming a periodical buckle-delamination structure is by chemical 

treatment of selective regions on the substrate, which promotes stronger adhesion between the top 

film and the substrate via chemical bonding.36 In that case, the peak strain on the top film was 

calculated as 

2

1 1
peak pre

t L

L L
                                                              (7) 

where L1 is half of the length of an untreated region (between the two neighboring treated region) 

while L2 is half of the total length of one treated and one untreated region, both after relaxation.36 

Taking into consideration that L2/L1 is always larger than 1, peak    increases with the increase of 

L2/L1. Given the same initial length of upper film and pre-stretch on the substrate, 
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Combining Equations (7) and (8) with L2/L1 ＞1, we can get, 

peak peak                                                                 (9) 
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Equation (9) illustrates that the spontaneous buckle-delamination structure has smaller 

peak strain than the selectively bonded buckle-delamination structure, thus more effective in 

achieving larger stretchability.  

Figure 2.3 (a) The theoretical and experimental results of height and width of blisters under 
compressive strain from 0% to 50%. (b) The comparison between theoretical profiles and 
experimental photographs of the cross-section view of blisters under 10% strain and 50% strain. 

The buckle-delaminated AgNW/PDMS composite film can be used as a stretchable 

conductor. Figure 2.4a shows the relative resistance change of the film with respect to the applied 

tensile strain. It can be seen that the relative resistance decreased slightly with the increasing tensile 

strain (~3% decrease in resistance corresponding to 100% tensile strain), and that the resistance 

change was totally reversible according to the loading and unloading responses. In general, buckle 

delamination significantly reduces the strain in the buckled film but there is still small compressive 

strain in the film. The delaminated buckles are in the form of sinewave (stage II) or elastica (stage 

III), which can be viewed as bending with some parts (e.g., peaks) in tension and some parts (e.g., 

valleys) in compression. Their effect on the resistance change can be largely cancelled out. In 

addition to the bending strain, a compressive membrane strain exists across the entire film.111 The 

compressive strain, even small, can alter the AgNW percolation network, leading to an increase in 

the resistance. When stretching the buckle-delaminated AgNW/PDMS composite film, the (small) 
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compressive strain is released all the way to zero, which is responsible for the slight resistance 

decrease as observed. Figure 2.4c shows the resistance change of the film under 400 cycles of 

loading and unloading at 1 Hz frequency and 100% strain. It can be seen that the resistance change 

is totally reversible.  

An ideal stretchable conductor should maintain constant conductance irrespective of the 

applied strain, which is however very challenging. A large variety of nanomaterials have been 

explored as stretchable conductors such as carbon nanotubes (CNTs),6, 11, 25, 112-113 graphene,114-115 

silver/gold nanoparticles17, 116-117 and AgNWs.7, 21, 59 However, they all showed a trade-off between 

stretchability and quality factor (Q, the percent strain divided by the percent resistance change).10 

Figure 2.4b plots the quality factor with respect to the stretchability of representative nanomaterial-

enabled stretchable conductors. For example, a CNT based stretchable conductor reported by Kim 

can be stretched to 300% but the quality factor is less than 0.75.25 AgNW half embedded wrinkling 

structure has been reported with quality factor of around 2 but the strain range is less than 80%.7 

In this work, the quality factor reached 33.3 with maximum strain up to 100%. Of note is that, for 

almost all the reported stretchable conductors, the resistance increases with the increasing tensile 

strain. By contrast, in our case the resistance (slightly) decreases, which could be conducive for 

certain applications.   
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Figure 2.4 (a) Theoretically calculated resistance change comparing to experimental 
measurements of resistance change with respect to applied stretching strain. (b) A comparison of 
this work to recent work in stretchable conductors.6-7, 12, 17, 21, 25, 59, 113, 116-117 (c) The resistance 
change of the conductor under 1 Hz, 100% strain cycle loading. 

For wearable sensors, a major challenge is the interconnection between sensing units and 

front-end electronics (e.g., data acquisition and transmission modules). Since our stretchable 

conductor maintained nearly constant conductance under large strain, we developed an integrated 

sensor/ conductor module as shown in Figure 2.5a. First, two ribbons of AgNW/PDMS composite 

film were prepared using the same fabrication method reported earlier in this paper. One end of 

each ribbon extended to a square-shaped pad that overlapped with each other while the other ends 

were placed side by side. Then, the Eco-flex substrate was partially prestretched (including both 

pre-stretch and non-stretch parts) before the AgNW/PDMS composite ribbons were transferred on 

top. Then the prestretched part of the substrate was released resulting in uniformly distributed 

buckle-delamination structure of the AgNW/PDMS composite ribbons. The AgNW/PDMS 
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composite ribbons on the non-stretched part were attached to the substrate to complete a parallel 

capacitor (a capacitive pressure sensor). As shown in Figure 2.5b, the integrated sensor/conductor 

module was attached to the back and pulp of a thumb, with one end connected to a PCB (on back 

of the thumb) and the other end, which is capacitive sensor, wrapped over to the thumb pulp. In 

the first three seconds, the thumb bent and recovered in the air with constant capacitance, which 

indicates that deformation of the stretchable conductors did not interfere with the capacitance 

measurement. Subsequently, the thumb pressed on a rigid object three times with increasing 

pressure.  

    
Figure 2.5 (a) Schematic illustration and photograph of integrated sensor-conductor module. (b) 
Capacitance changes of the integrated sensor-conductor module attached on a thumb that bends 
and presses. 

AgNW-based stretchable heaters have been reported recently,65, 118-119 which can be used 

in variety of applications such as thermal treatment, bimorph actuator and thermochromic 

devices.59, 65, 120 Here we report a reversible color changing stretchable conductor that can switch 

between two colors at very low voltage. The conductor is a sandwiched structure containing three 

layers as illustrated in Figure 2.6a. The top layer, the thermochromic layer, was prepared by mixing 

red chromic powder and yellow acrylic paint together with the PDMS precursor and then cured in 

oven. The middle layer and bottom layer were prepared together using the same drop casting and 

peeling off methods as described in the fabrication of AgNW/PDMS composite film. The two ends 
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of the multilayer stripe were fixed and connected to copper wire by silver epoxy. As shown in 

Figure 2.6b, when applied with DC power supply, the temperature on stretchable conductor rose 

quickly due to the Joule heating effect of the AgNWs. The thermochromic powder is originally 

red at room temperature (23°C) and turns transparent at temperature over 35°C. As shown in 

Figure 2.6c, the initial color of the conductor was a mixture of red and yellow, i.e., orange, at room 

temperature. With the Joule heating, the temperature rose to 65°C. The red thermochromic powder 

inside gradually faded away and the remaining yellow acrylic paint was revealed. Multiple 

stretching and releasing cycles (up to 100% strain) did not affect the heating temperature because 

the buckle-delamination structure afforded the excellent stretchability. Finally, when the power 

was turned off, temperature on the composite film dropped back to room temperature and the 

thermochromic layer appeared orange again.  

                           
Figure 2.6 (a) Schematic view on the cross-section of the stretchable thermochromic conductor. 
(b) Temperature change of the stretchable thermochromic conductor when powered with 2 V 
voltage and then turn off the power. (c) Photographs of the stretchable thermochromic conductor 
changing color: First heat up the stretchable conductor with 2 volts direct current resulting a 
temperature rise from 23°C to 65°C; then stretch the conductor to 100% strain and release; finally 
turn off the power and cool down to original room temperature. 
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2.4 Conclusions  

A novel stretchable AgNW conductor was reported in this paper, where a highly 

conductive AgNW/PDMS composite film served as the conducting material while the periodic 

buckle delamination structure enabled excellent stretchability (demonstrated up to 100%). Due to 

the out-of-plane deformation as a result of the buckle delamination, the local strain in the 

AgNW/PDMS composite layer was significantly reduced. As a result, the resistance change of our 

stretchable conductor was within 3% under a stretching to 100%. Geometry evolution of the 

delaminated buckles were captured in real time, which agreed well with the theoretical analysis. 

The potential applications of this stretchable conductor were demonstrated with an integrated 

sensor/conductor module and a color changing thermochromic device. The fabrication process for 

the reported stretchable conductor is simple and scalable. This work highlights the important 

relevance of mechanics-based design in nanomaterial-enabled stretchable devices.  
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CHAPTER 3 A Highly Sensitive, Stretchable and Robust Strain Sensor based on Crack 

Propagation and Opening  

3.1 Introduction 

Soft and stretchable strain sensors have been attracting significant interests because of their 

wide applications in wearable electronics for physiological monitoring and motion tracking12, 31, 

121-130, human machine interfaces32, 131-133, and soft robotics67, 134-137. A variety of nanocomposite 

materials have been explored for use in soft and stretchable sensors, including carbon nanotubes 

(CNTs)113, 138-139, graphene140-142,metal nanoparticles143, magnetic nanoparticles144-148, and metal 

nanowires8, 31, 59, 149-150. In stretchable strain sensors, these materials typically exist in the form of 

three-dimensional percolation network embedded in a polymer matrix. Stretching the composite 

matrix decreases the percolation density, resulting in decreased electrical conductivity. In parallel, 

structural design strategies have been used to significantly reduce the effective strain on the 

conducting materials, leading to better stretchability. A number of mechanically guided structural 

designs have been reported, such as wrinkles151-152, serpentines153, spirals/helices58, 154, and 

kirigami155-156 and auxetic metamaterials157.  

Recent advancements in wearable technology and soft robotics have led to the development 

of new stretchable strain sensors with enhanced sensing performances, such as large gauge factor 

(GF), large strain range, high linearity, better conformability, and robustness122. However, 

tradeoffs between these performances have been a major challenge for almost all existing strain 

sensors. For example, a Pt/polyurethane acrylate (PUA) composite resistive sensor with surface 

crack design has been reported with an ultrahigh GF of 2000, yet a strain range of only 2%158, 

which is low for most applications such as body motion tracking. Another crack-based strain 

sensor  also shows good sensitivity (GF=9400) but with small sensing range (<3%)137. These 
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examples illustrate promising potential of measuring contact resistance change between crack 

surfaces for strain sensing. However, using well-defined, periodic mechanical cuts in soft materials 

to control the crack propagation and opening has not been explored.  On the other hand, A highly 

stretchable capacitive strain sensor enabled by wrinkled gold films showed a strain range of 250% 

but a GF of only 0.9159, which limits the sensing capabilities for small strains. Some researchers 

have also developed sensors with large strain range (450% to 500%) and high sensitivity (GF of 

67.7 to 10000)151, 160. But they typically showed a nonlinear response (smaller GF at low strains 

and large GF at higher strains). 

For monitoring of human physiology and motion, the skin strain ranges from less than 1% 

to over 50%161. Typically, one sensor is used to detect subtle strains associated with physiological 

functions (e.g., blood pulse and respiration), while another for large strains associated with bending 

of body parts (e.g., knee, elbow, and back). It would be of great interest to develop one strain 

sensor, in the form of either a skin patch or a textile band, which can capture the full range of 

strains on human skin and can thus be attached onto different parts of the body162. For monitoring 

certain diseases, it is indeed critical to accurately measure a wide range of strains. For example, in 

the case of Parkinson’s disease, the symptoms include resting tremor, rigid muscles, bradykinesia 

and sometimes a combination of above163-165. The sensors must be sensitive enough for monitoring 

small tremors while maintaining a large sensing range to measure joint movements. Moreover, 

soft strain sensors may encounter adverse conditions during operation, such as impacts and over-

extension, where the applied strain could substantially exceed the sensing range. Therefore, it is 

of important relevance to develop a stretchable strain sensor with high sensitivity, large sensing 

range, and high robustness (i.e., surviving over-strain and repeatability), which remains a 

significant challenge. 
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This work reports a soft stretchable strain sensor that can achieve all three goals by 

combining the use of nanomaterials with a novel structural design strategy. The sensor is made of 

silver nanowire (AgNW) network embedded below the surface of polydimethylsiloxane (PDMS). 

Periodic mechanical cuts are applied to the top surface of the AgNW/PDMS composite, changing 

the current flow from uniformly across the sensor to along the conducting path defined by the open 

cracks. Under the applied strain, the resistance increases as the crack propagates, but remains 

constant as the crack reaches the cut length and exhibits tip blunting. Both regions are totally 

reversible and repeatable. Both experiment and finite element analysis have been conducted to 

study the effect of the cut depth, cut length, and pitch between the cuts, highlighting excellent 

tunability of the GF, sensing range, and reversible range of the sensor. The stretchable strain sensor 

was integrated into two systems for wearable monitoring of blood pressure and lower back health, 

demonstrating the capabilities for small-strain and large-strain sensing, respectively. Finally, a soft 

3D touch sensor that tracks both normal and shear stresses was developed for human-machine 

interfaces and tactile sensing for robotics.  

3.2 Experimental Section 

3.2.1 Synthesis of AgNW solution. 

First, 60 mL of a 0.147 M PVP (MW ~ 40000, Sigma-Aldrich) solution in EG was added 

to a flask, to which a stir bar was added; the solution was then suspended in an oil bath (temperature 

151.5 ℃) and heated for 1 h under magnetic stirring (150 rpm). Then 200 µL of a 24 M CuCl2 

(CuCl2٠2H2O, 99.999+%, Sigma-Aldrich) solution in EG was injected into the PVP solution. The 

mixture solution was then injected with 60 mL of a 0.094 M AgNO3 (99+%, Sigma-Aldrich) 

solution in EG166.  
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3.2.2 Fabrication of the strain sensor. 

The AgNW solution was drop-casted on a plasma treated glass slide, which was placed 

onto a hot plate at 50 °C to evaporate the solvent. After the solvent was evaporated, liquid PDMS 

(SYLGARD 184, DOW Inc.) with a weight ratio of 10 : 1 was mixed thoroughly and dropped on 

top of the AgNW film in a rectangular mold. The AgNW/PDMS composite was cured at 70°C for 

1 hour31, 65. The cured sample was then cut from the top surface using a mechanical cutter 

(silhouette CAMEO). Cu wires were attached to the two outer ends of the sample by silver epoxy 

(MG Chemicals). 

3.2.3 Fabrication of the 3D touch sensor 

 First, the as-synthesized AgNWs were drop casted onto a sacrificial substrate.  The 

AgNWs together with the sacrificial substrate were then laser cut into a cross-shaped pattern. The 

pattern defined the conductive area into five regions: a square region in the middle (one electrode 

of the capacitive sensor) and four surrounding rectangular regions (for making the crack-based 

resistive strain sensors). PDMS was poured on top of the five pieces of AgNWs and then baked at 

70°C for 1 hour. After curing of PDMS, the sample was flipped over and cut on the designed areas 

using the mechanical cuter. Another piece of AgNW/PDMS composite was glued on top of the 

middle square region to compose a capacitive pressure sensor. Then all five parts of the touch 

sensor were wired with copper wires.  

3.2.4 Video game control using the 3D touch sensor 

To transmit the resistance signal, we used an ARDUINO board (nano 33) and built a simple 

voltage divider circuit with four dummy resistors. Each channel of the touch sensor was connected 

to a dummy resistor in series. The voltages across dummy resistors and crack-sensors were 
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collected by the ARDUINO board and processed to calculate the real time resistances of the 

sensors in each direction.   An ARDUINO code was built to read the real-time resistance values 

of each channel and compare to a triggering threshold Rt to decide whether or not to send out a 

signal. For example, when the 3D touch sensor was pressed and pushed to the right direction, the 

left crack sensor CS3 reached a resistance increase over 20% which triggered the ARDUINO board 

to send out a keyboard signal ‘right arrow’. As a result, the airplane in the video game will make 

a right turn.  Similarly, the other three crack-based sensors have been assigned to ‘left arrow’, ‘up 

arrow’, and ‘down arrow’. In the airplane video game, the four arrow keys represent the functions 

of turning left, turning right, acceleration and deceleration.  

3.3 Results and Discussion  

Figure 3.1a shows the fabrication process of the AgNW strain sensor with the surface crack 

design. The AgNW solution was drop-casted on a sacrificial substrate and then heated to evaporate 

the solvent. Then liquid PDMS precursor was mixed thoroughly and spin-coated on top of the 

AgNW network.  The AgNW/PDMS composite was cured at 70°C for 1 hour. The cured sample 

was then peeled off from the substrate with the AgNW network embedded below the surface of 

the PDMS matrix7. Then the composite film was cut from the AgNW side using a mechanical 

cutter, cutting through the AgNW/PDMS composite into the pure PDMS layer (Figure 3.1b). The 

AgNW/PDMS layer was cut into a zigzag-shaped pattern. Finally, Cu lead wires were attached to 

the two ends of the pattern by silver epoxy.  

Figure 3.1b shows the electrical models of the samples during and after the mechanical 

cuts. 2R0 is the initial resistance of the sample. As the razor blade cuts through the AgNW/PDMS 

composite, AgNWs along the cutting path are broken and pushed in. After retrieval of the blade, 

the AgNWs on the two cutting surfaces form a physical contact with the contact resistance of Rc. 
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The SEM image shows the cross section view of the cutting surface. 

 
Figure 3.1 Overview of the soft stretchable strain sensor. (a) Fabrication process of the sensor. (b) 
Electrical model of the sensor during and after cuts. The SEM image shows the cross-section view 
of one cut surface. (c) The undeformed sensor and the sensor under twisting, bending and 
stretching. 
 

Figure 3.2 shows the resistance changes of the AgNW/PDMS composite samples of 

different AgNW densities with respect to the number of cuts. All samples showed a gradual 

increase of resistance with the increasing number of cuts. The sample with AgNW density of 0.5 

mg/cm-1 yielded a minimum resistance change of only 15.3% after 5 cuts while the sample with 

AgNW density of 0.1 mg/cm-1 showed a resistance change of 321.9%. This can be explained by 

the different fracture mechanisms in the two cases. From Figure 3.3a, the low-density sample 

showed a clean-cut surface with AgNWs along the cutting path broken and sticking out. The depth 

of the conductive contact surface in this case was ~3 μm. However, for the sample with high-

density AgNW network, the AgNW/PDMS composite was deformed and pushed inwards. In the 
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case of 0.5 mg/cm-1, the depth of the conductive contact surface was over 13 μm (Figure 3.3 b). 

This large contact area enabled the resistance change to be as low as 5% after each cut. In the rest 

of this work, 0.5 mg/cm-1 AgNW density was chosen for all the strain sensors due to their stable 

contact resistances. The force-displacement curves of the samples with different AgNW densities 

are shown in Figure 3.4. It can be seen that a higher cutting force is required to break through the 

composite layer with a higher AgNW density. Figure 3.1c shows the crack-based strain sensor 

under twisting, bending, and stretching (30% strain). With increase of the applied strain, the crack 

gradually propagated, which caused Rc to increase; inversely, with decrease of the applied strain, 

the crack retracted leading to decrease of Rc. The electromechanical response of the sensor is 

highly reversible under cyclic loading (to be discussed in Figure 3.5). 

 
Figure 3.2 Resistance change of AgNW/PDMS composites with increase of the number of cuts. 
The cuts are through the width direction with depth of 1/2 of the thickness of the sample.  
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Figure 3.3 SEM images of the cut surfaces of AgNW/PDMS composite with AgNW densities of 
(a) 0.1 and (b) 0.5 mg/cm-1.  
 

 
Figure 3.4 Force-displacement curves of a razor blade pushing into the AgNW/PDMS composites 
of different AgNW densities. 

To study the electrical performance of the sensors for different geometrical designs, we 

defined three major geometrical parameters – ratio of the cut depth to the sample thickness dc/t, 

ratio of the pitch between the cracks to the specimen width p/w, and ratio of the cut length to the 

specimen width lc/w (Figure 3.5a). Figure 3.5b shows the resistance change of the crack-based 

sensor as a function of the applied strain. The resistance change curve can be divided into two 

regions, a sensing region where the resistance increases linearly with the increasing strain, and a 

plateau region. The crack propagation/opening process was observed in-situ under an optical 
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microscope, while the resistance was measured simultaneously. 1,000 stretching/unloading cycles 

(1.2 mm/s) were applied to show the excellent repeatability of the sensor for long term use (Figure 

3.5c). Figure 3.6 shows the resistance change and the stress of the sensor, measured concurrently, 

under cyclic loading at different strain rates (1.2 mm/s, 0.6 mm/s and 0.3 mm/s), which shows 

good repeatability in all cases. 

The optical images in the sensing range (Figure 3.5d ①-⑨) show the gradual propagation 

of a single crack. In this range, the current flow follows the cut guided path. As a result, the 

resistance of the sensor increases with the crack propagating. However, this resistance change 

stops when the crack is fully open, i.e., the two crack surfaces lose contact, as shown in the 

magnified optical image (Figure 3.5d ⑩). Figure 3.7 also shows the relationship between the 

applied strain, the crack length, and the relative resistance change.  

 
Figure 3.5 Electrical performances of the strain sensor under applied strain. (a) Schematic of the 
sensor showing the pitch between cuts p, crack length lc, specimen width w, cut depth dc and 
specimen thickness t. (b) Resistance change of the sensor corresponding to snapshots in d. (c) 
Sensor response to 1000 cycles of 30% applied strain. The inset figure shows 20 cycles. (d) 
Snapshots of the top surface of the sensor under applied strain with magnified photographs 
showing the crack opening and tip blunting.  
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Figure 3.6  (a) Resistance change and (b) stress of the strain sensor under 20 cycles of loading and 
unloading with the applied strain of 30% at different strain rates (1.2 mm/s, 0.6 mm/s and 0.3 
mm/s). 

 
Figure 3.7  (a) Crack length with respect to applied strain. (b) Relative resistance changes with 
respect to crack length. 
 

The sensor can be further stretched without resistance change, as shown in the plateau 

region in Figure 3.5b. In this case, the crack reaches the full cut length. Under the applied strain, 

the crack further opens with the crack tip blunting but not advancing beyond the cut length. This 

plateau region is important as it can protect the sensors from failing due to unexpected large strains. 

Here we define this reversible range by the combination of the sensing region and the plateau 
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region. Beyond the plateau region, the local strain in front of the crack tip would cause irreversible 

sliding in the AgNW network, leading to overall irreversible resistance change. If the applied strain 

further increases, the crack tip could propagate beyond the cut length, causing more serious 

irreversibility in the resistance.  

Figure 3.8a shows the relative resistance changes of three samples with dc/t of 1/8, 1/4, and 

1/2, with p, w and lc remaining the same (p/w = 0.2, lc/w = 0.9). The three cases showed the same 

GF of 81.5 and the linear sensing region gradually increased with the decreasing cut depth. This 

is due to the difference in the crack propagation rate for the different cut depths. The shallower the 

cuts, the larger the applied strain to complete the crack propagation and opening. The plateau 

region gradually decreased with the decreasing cut depth. 

 
Figure 3.8 Geometrical design of the strain sensor. (a) Resistance change of the sensors with dc/t 
= 1/8, 1/4, and 1/2 with respect to applied strain. Three cross markers with corresponding color 
represent the reversible range of each case from FEA. (b) Resistance change of the sensors with 
p/w = 0.1, 0.2 and 0.3 with respect to applied strain. (c) Resistance change of the sensors with lc/w 
= 0.8, 0.85, 0.9 and 0.95 with respect to applied strain.  

In Figure 3.9, finite element analysis (FEA) (ABAQUS, version 2017) was conducted to 

simulate the crack propagation and opening behavior of the AgNW/PDMS composite. With the 

introduction of mechanical cuts, the effective modulus reduces. With larger dc/t, the effective 

modulus reduces more. Similarly, with smaller p/w and larger lc/w, the effective modulus drop of 

the sensor increases (Figure 3.10). The maximum strain in the AgNW/PDMS layer lies ahead of 
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the crack tip during stretching. When it exceeds a critical strain εc, we assume that the irreversible 

sliding in the AgNW network occurs, causing irreversible damage in the AgNW network and 

hence the irreversible resistance of the sensor. The critical strain on AgNW/PDMS composite was 

measured to be εc = 5% under tension. As shown in Figure 3.11, the resistance of the AgNW 

beyond 5% tensile strain was irreversible. Here we characterize the reversible range by the applied 

strain when the maximum strain at the crack tip of the AgNW/PDMS layer reaches 5%. FEA 

simulations found the reversible ranges of 31.4%, 38.3%, and 45.1% for dc/t of 1/8, 1/4, and 1/2, 

respectively (marked with cross marks in Figure 3.8a). To guarantee the reversibility of the sensor, 

the applied strain remains below the reversible range, which is much smaller than the breaking 

strain; above the breaking strain the crack would further advance beyond the initial cut length. To 

sum up, with different cut depths, a tradeoff exists between the sensing range and the reversible 

range while having the same GF.  

 
Figure 3.9 FEA Simulation of the strain distribution of the sensor under 30% applied strain. 



 

44 
 

 
Figure 3.10 FEA results of the stress-strain curve of the sensor with different dc/t, p/w and lc/w 
comparing with sample without crack. 
 
 

 
Figure 3.11 Resistance changes of the AgNW/PDMS composite under 5% and 6% stretching-and-
unloading. 

Figure 3.8b demonstrates the effect of p/w on the relative resistance change, while dc/t and 

lc/w stayed as 1/8 and 0.9, respectively. With the decrease of p/w from 0.3 to 0.1, the GF increased 

from 81.5 to 290.1. With a smaller p/w, the pitch between the cracks decreases while the number 

of the cut paths increases, thus the overall resistance change can increase dramatically. Figure 3.8c 

shows a slight increase of the resistance change with the increasing lc/w while keeping dc/t = 1/8 

and p/w = 0.3, because the final “neck” of the conducting path after the crack propagation 

completes is narrower with the increase of lc/w. These results on the three parameters, dc/t, p/w and 

lc/w, demonstrated excellent tunability of the GF, sensing range, and reversible range of the sensor.  
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Figure 3.12 shows a benchmark comparison between the present work and the reported 

stretchable strain sensors enabled by different sensing mechanisms, including resistive sensors113, 

138, 141, 143, 149, 158 capacitive sensors31, 129 and piezoelectric sensors167. Of note is that the selected 

strain sensors in the map all showed high linearity and reversibility. In general, a tradeoff exists 

between the GF and the sensing range for stretchable strain sensors. From this map, it can be seen 

that the present work yields a large GF = 290.1 with a decent strain sensing range (22%), exceeding 

the envelop defined by the reported stretchable strain sensors. After integration on stretchable 

substrates (e.g., athletic tape to be discussed later), the stretchability of the sensor can be further 

enhanced.  

 
Figure 3.12 Performances of the strain sensors compared with the reported stretchable strain 
sensors. 
 

A coupled electromechanical FEA model was built (COMSOL Multiphysics 5.6) to 

understand the resistance change of the strain sensor under stretching (Figure 3.13a). The 

AgNW/PDMS composite was modeled as an isotropic conductive material and the contact 

resistance between the two crack surfaces was considered to be dependent on the crack opening. 

When the distance between the two surfaces exceeds a critical value, the contact resistance drops 
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from an initial value to zero. This model can simulate the gradual propagation and opening of the 

crack. Material parameters used in the simulation such as sheet resistance of the AgNW/PDMS 

composite and contact resistance were measured (e.g., in the case of NW density of 0.5 mg/cm2, 

sheet resistance of the AgNW/PDMS composite is 0.25 Ω sq-1 and contact resistance per unit 

length is 1.6 Ω cm-1). By taking the integral of the ECD along the conducting path we can calculate 

the resistance change with respect to the applied strain. The FEA results agreed well with the 

experimental results of different p/w ratios (Figure 3.13b). Figure 3.13c shows the simulated 

electrical current density (ECD) field of the strain sensor before and after stretching. With the 

increase of the applied strain, the ECD field shows a transition from uniform current flow (across 

the closed cracks) to current flow along the conducting path defined by the open cracks. This 

model could predict the performance of the sensors with even more complicated cutting patterns, 

providing valuable guidance to the sensor design.  
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Figure 3.13 Electromechanical simulation of the strain sensor. (a) Schematic plot of the sensor. 
(b) Electrical current densities of the sensor at zero and 15% strain. (c) Comparison between FEA 
and experimental results of the sensor with p/w = 0.1, 0.2 and 0.3.  

To demonstrate the versatile applicability of our strain sensors for monitoring human 

motions, we first applied the sensors on the wrist to detect the pulse wave, which represents one 

of the most delicate strain signals on human skin. Figure 3.14a shows the setup consisting of a 

rubber band with a slot filled with the strain sensor. The rubber band was fastened on the wrist to 

secure the strain sensor against the pulsing area. When the blood pumps through the vein, the two 

ends of the strain sensor are fixed by the rubber band while the middle is bent and stretched. Then 
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the cracks are opened on the top surface. The red curve in Figure 3.14b shows the pulse wave 

captured from the radial artery on the wrist. Similarly, another strain sensor can be placed on the 

brachial artery on the arm, recording another pulse wave simultaneously (black curve in Figure 

3.14b). By measuring the distance between the two pulse areas and taking the average of the time 

gap between peaks of the two pulse waves, the averaged pulse wave velocity (PWV) can be 

measured, based on which the blood pressure (BP) can be obtained following168 :BP = αPWV2 + 

β, where α = 0.18 kPa·s2·m-2 and β = 2.7 kPa168. Taking PWV = 7.5 m/s as measured from Figure 

3.14b, the BP was calculated to be 12.8 kPa, which equals 96.2 mmHg.  
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Figure 3.14 Demonstrations of the strain sensor for personal health monitoring. (a) The sensor 
integrated with a wristband for monitoring blood pulse. (b) Sensing results of two blood pulse 
sensors placed on the radial artery on the wrist and the brachial artery on the arm. (c) Photographs 
of the sensor integrated with an athletic tape attached side by side along the spine for monitoring 
lower back strains. Inset shows the two sensors and the Bluetooth evaluation board for data 
collection and transmission. (d) Sensing results of the two-sensor system detecting different 
bending motions of the lower back corresponding to photographs in c.  

 

 

 



 

50 
 

The other demonstration aimed to monitor the large strains on the lower back, which is a 

critical signal for metabolic syndrome and spine issues169-170. The sensor was integrated onto an 

athletic tape by fixing the two ends of the sensor on the tape using a PDMS precursor (Figure 3.14c 

inset). Two sensor/tape setups were attached on the lower back side by side in parallel with the 

spine. An Arduino Bluetooth board/tape was attached in the middle area of the lower back to 

collect and transmit the sensing signals to a smart phone. The details of the Bluetooth board design 

are shown in Figure 3.15, where R0 is the dummy resistor and R1-R6 are the six available channels 

(only two used in this demonstration).  The subject started from a sitting-straight posture and 

leaned forward three times with increasing degree. Then the subject leaned forward while tilting 

rightward and leftward. Figure 3.14c shows the measured strain signals of the two sensor/tape 

setups. When leaning forward, both sensors responded with resistance increases. While leaning 

forward and tilted sideways, the resistance of the sensor in the corresponding side remained nearly 

constant and the one at opposite side increased substantially. The calibration of the sensor/fabric 

setup is shown in Figure 3.16. Four fiducial markers were drawn alongside the crack-based sensors 

on the skin for the purpose of validation. The results measured by the sensor and by the fiducial 

markers showed an excellent agreement (Figure 3.16b). Of nots is that by integrating the strain 

sensor with a stretchable athletic tape, the overall stretchability of the sensor/tape setup can be 

increased on demand according to the need of the applications. In the setup, the strain distributions 

in the sensor/tape region and the pure tape are different. Due to the larger Young’s modulus, the 

sensor/tape region has a smaller strain than the pure tape region. By adjusting the modulus ratio, a 

sensor/tape setup can be easily integrated for wearable applications with large stretchability, e.g., 

motion tracking on human joints.  
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Figure 3.15 (a) Photograph of the Arduino Bluetooth board for the wearable strain sensing system 
(with custom-made voltage divider circuit). (b) Diagram showing the design of the Bluetooth 
board and voltage divider circuit. 

 
Figure 3.16 Calibration of the sensors integrated with athletic fabrics. (a) Photographs of the 
sensor/fabric setup with fiducial marker dots on the skin. (b) Comparison between the strains 
measured by the sensor/fabric and by the fiducial markers using a camera. 
 

Finally, besides wearable personal health monitoring, the senor can be applied for human-
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machine interfaces and robotics. Figure 3.17a shows the schematic diagram of an integrated 3D 

touch sensor. The two solid AgNW/PDMS composite in the middle form a capacitive pressure 

sensor that detects normal pressure8, while the four surrounding AgNW/PDMS composite ribbons 

with the surface crack design (CS1, CS2, CS3 and CS4) work as shear stress sensors. The pressure 

sensor was connected to a capacitance evaluation board and the shear sensors were connected to a 

multichannel resistance meter (Figure 3.17b). Figure 3.18 shows the calibration results of the shear 

sensors. When a shear force is applied in the middle area, one shear stress sensor away from the 

moving direction is stretched. The cracks in the stretched sensor open, resulting in a resistance 

increase. Figure 3.17c shows excellent decoupled responses when shear forces in four directions 

were applied sequentially. Figure 3.17d shows real-time control of an airplane in a video game 

with the functions of turning left, turning right, acceleration, and deceleration. This device 

illustrates a promising potential in virtual reality and soft human-machine interfaces.  
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Figure  3.17 Demonstration of the strain sensor for human-machine interface and tactile sensing. 
(a) Schematic layout of the 3D touch sensor consisting of a capacitive normal strain sensor and 
four shear strain sensors. (b) Photograph of the 3D touch sensor connected to an evaluation board 
and laptop. Inset shows the 3D touch sensor. (c) Shear strain of the touch sensor when pushing 
towards different directions using a finger. (d) Application in playing an airplane video game. The 
four sensors correspond to four different functions: turning left, turning down, acceleration, and 
deceleration, respectively. (e) Snapshots showing different stages of grasping a glass of water 
including grabbing, lifting and dropping. (f) Shear strain and normal strain of the tactile sensor 
during two trials of grasping of the cup of water, showing the grabbing, lifting and dropping. 
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Figure 3.18 Calibration of the shear strain sensor enabled by two sensors. (a) Photograph of a 
shear strain sensing system with two orthogonal strain sensors. (b) The resistance change of the 
sensors in horizontal direction and vertical direction with a vertical shear strain applied. 

Figure 3.17e shows the sensor applied for tactile sensing. The sensor was integrated on the 

fingertip of a glove and then used for grasping a glass of water (200 g). Figure 3.17f captures the 

shear and normal strains of two trials with different lifting and dropping speeds. When the glass 

of water was grabbed but not lifted, the capacitance of the middle sensor increased while the 

resistance of the shear sensor remained constant. During lifting, the shear strain increased to 

overcome the gravity of the glass of water. When dropping the water on the table, the shear strain 

decreased to zero followed by the normal strain decreasing to zero. Note that the shear strain curve 

of the first trial showed a period of overshot because the fast lifting required extra shear force for 

acceleration. However, the second trial was 3 times slower in the lifting speed and the shear strain 

showed no obvious overshot. This application demonstrated the great potential for tactile sensing 

for robotics. 
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3.4 Conclusions 

In summary, this work reported simple, facile fabrication of a versatile soft stretchable 

strain sensor for wearable applications. We designed and fabricated a AgNW/PDMS composite 

based strain sensor with simple mechanical cuts into the top surface. Under the applied strain, the 

resistance increased as the crack propagated (the sensing range), but remained constant as the crack 

reached the cut length (the reversible range). Under further loading, the local strain in front of the 

crack tip would cause irreversible sliding in the AgNW network, leading to irreversible resistance 

change. The effect of the cut depth, cut length, and pitch between the cuts, were studied to optimize 

the sensor performances. This sensor overcame the limitation of most existing strain sensors and 

offered unprecedented combination of GF, strain sensing range and robustness (under over-strain 

and 1,000 repeated loading cycles). A large GF of 290.1 was achieved with a sensing range over 

22%. FEA was conducted to validate the electrical performance and predict the mechanical 

damage, agreeing very well with the experimental results. As demonstrations, the stretchable strain 

sensor was integrated into several systems for wearable monitoring of blood pressure and lower 

back health and 3D touch sensing that tracks both compressive and shear stresses simultaneously, 

illustrating the promising potential for a range of applications including personal human health 

monitoring, human-machine interfaces, and tactile sensing for robotics.  
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CHAPTER 4 Fast Thermal Actuators for Soft Robotics  

4.1 Introduction 

Soft robots are constructed from highly compliant materials. In contrast to their rigid 

counterparts, they allow adaptability to changing environments and dynamic task settings, as well 

as improved safety when working around humans.135, 171 Soft robots have found wide applications 

in biomedical engineering, surgical assistance, active prosthetics, camouflage, and perception 

technologies.136, 172-175 Researchers have been exploring different actuation methods for soft robots 

using a variety of stimuli, including pressure,62-63 heat,65-66 electrical field,70-72 magnetic field,73-75 

and chemical potential.76-77  

No actuation method has yet emerged as the dominant method. Trade-offs exist in force, 

speed, displacement, and requirement for auxiliary equipment. Research in the field has so far 

focused on improving the performances of these actuation methods.135 Among the various types 

of stimuli, electric stimulus is one of the simplest and most convenient, where electroactive 

polymers, either ionic or field activated, are widely used. For electrically stimulated actuators, the 

ionic activation typically operates in an electrolyte environment while the field activation requires 

high voltage (>1 kV).176 Another type of electrically stimulated actuator, bimorph thermal 

actuator,65, 177-178 based on mismatch in coefficient of thermal expansion (CTE) of two materials, 

has drawn much attention due to programmable operation,179 lightweight, low actuation voltage, 

being electrolyte-free, and potential for untethered operation (e.g., via wireless charging).59, 180 

However, owing to the intrinsic thermal properties of soft materials, a major limitation of such 

thermally triggered soft robots is the relatively low speed. Indeed, improving the speed of soft 

robots has been a general challenge in the field, especially for entirely soft robots (without 

assistance of rigid skeletons, frames, etc.).71, 92, 181  
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An intuitive way to enhance the speed of an electrothermal actuator is to increase the 

thermal conductivity (TC) of the stimuli-responsive materials. However, the enhancement of TC 

of soft materials is generally limited within a factor of 2.182 In addition to the material-based 

strategy, instability-based shape morphing has attracted much attention.183 Snap-through 

instability has been adopted in the field of soft actuators and soft robots,64, 100, 102, 184-185 due to its 

ability to trigger sudden and large deformations.186 A soft acrylic membrane being inflated near 

the onset of instability showed a increase of 1692% in area within 150s (over 200 times faster than 

without instability).100 A soft bistable valve was reported to switch between different states using 

pneumatic pressure triggered snap-through instability.101 In another work, a soft actuator 

comprised of interconnected fluidic segments harnessed snap-through instability to amplify the 

changes in internal pressure, extension, shape, and exerted force.102 For locomotion robots, a spine 

assisted soft crawling robot leveraging the elastic instability was reported with high locomotion 

speed and large actuation force.64 However, the combination of snap-through instability with soft 

electrothermal actuation has not been reported for designing high-performance, entirely soft 

robots. 

Here we present a bimorph thermal actuator, based on a silver AgNW/PDMS composite, 

with snap-through instability to achieve fast actuation. The actuator, including two active and one 

passive ribbons, was fabricated using a simple and low-cost process (Figure 4.1). The snap-through 

instability was introduced by applying an offset displacement to the passive ribbon. Both 

experiments and finite element analysis (FEA) were conducted to investigate the effects of thermal 

conductivity of the AgNW/PDMS composite, offset displacement, and actuation frequency on the 

actuator performance. The snap-through instability significantly increased the actuation speed, up 

to 10 times that without the instability. A fast crawling robot with locomotion speed of 1.04 body 
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length per second (BL/s) and a biomimetic Venus flytrap were demonstrated to illustrate the 

promising potential of the fast bimorph thermal actuators for soft robotic applications. 

4.2 Experimental Section 

4.2.1 Fabrication of snap-through enabled AgNW actuator.  

Firstly, 60 mL of a 0.147 M Polyvinylpyrrolidone (PVP) (MW ~ 40000, Sigma-Aldrich) 

solution in Ethylene glycol (EG) (was added to a round-bottom flask to which a stir bar was added; 

the vial was then suspended in an oil bath (temperature 151.5 ℃) and heated for 1 h under magnetic 

stirring (150 rpm). Then at 1h, 200 µL of a 24 M CuCl2 (CuCl2٠2H2O, 99.999+%, Sigma-Aldrich) 

solution in EG was injected into the PVP solution. The solution was then injected 60 mL of a 0.094 

M AgNO3 (99+%, Sigma-Aldrich) solution in EG. The AgNW solution was drop-casted on 

plasma treated glass slide; at the same time, the solution was heated by a hot plate at 50 °C to 

evaporate the solvent. Then liquid PDMS (SYLGARD 184, DOW Inc.) with a weight ratio of 10

: 1 was mixed thoroughly with Barium Titanate powder (weight ratio 80%) before spin-coating 

onto the AgNW film. The coated composite precursor was cured at 100 °C for 1 hour. The cured 

composite film was then laser cut into an M shaped pattern and removed from the glass slide. Then 

the AgNW/BT/PDMS composite film was attached to a fixed supporting surface with the middle 

ribbon slightly dislocated in the horizontal direction. Cu wires were attached to the two outer ends 

of the pattern by silver epoxy (MG Chemicals) for connection to the power source.  

4.2.2 Fabrication of snap-through enabled crawling robot 

The AgNW/BT/PDMS composite film was prepared using the same materials and method 

described above. Then the composite film was laser cut into an M shaped pattern with four 

extended limbs at the four corners. The middle ribbon was slightly dislocated in the horizontal 
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direction and then fixed together with the other two ribbons by a piece of adhesive tape. Cu wires 

were attached to the two outer ends of the pattern by silver epoxy (MG Chemicals) for connection 

to the power source (Agilent 6613C).  

4.2.3 Fabrication of snap-through enabled Venus flytrap 

The AgNW/BT/PDMS composite film was preparing using the same materials and method 

described above. Then the composite film was laser cut into a biomimetic Venus flytrap shaped 

leaf. The flytrap was finished by having two of the as fabricated leaves facing each other and 

applying offset on the middle ribbon. Finally, Cu wires were attached to the two outer ends of the 

two leaves by silver epoxy (MG Chemicals) for connection to the power source (Agilent 6613C). 

4.3 Results and Discussion 

Figure 4.1a shows the fabrication process of the snap-through enabled bimorph thermal 

actuator. AgNWs have been widely used as a heating material in soft devices due to their excellent 

electric conductivity and mechanical compliance.8, 22, 65, 118-119, 187 In this work, we fabricated the 

soft actuator using the AgNWs in the form of a percolation network, as the heating element, 

embedded just below the surface of the polymer matrix (PDMS in this case).7, 31, 188 The 

AgNW/PDMS layer (3 μm in thickness) and the pure PDMS layer (50 μm in thickness) form a 

thermal bimorph. During the fabrication, Barium Titanate (BT) powders (with average diameter 

of 6.08 μm) were doped into the precursor of PDMS to enhance the thermal conductivity (Figure 

4.2). The weight ratio of BT and PDMS, 0.8, was used in this work. The TC of PDMS/BT increased 

from 0.15 W/mK (derived from the data sheet of SYLGARD 184, DOW Inc.) to 0.23 W/mK. After 

curing in an oven, the composite film was laser cut into an M shaped pattern (16 mm ×6 mm) with 

three ribbons connected at one end but separated at the other (Figure 4.1a). The two outward 
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ribbons together with the connecting part of the M shaped pattern form the conducting path with 

uniform sheet resistance. When applying a low voltage (on the order of a few volts) at the two 

ends of the ribbons, the conducting path of the composite film can quickly heat up (e.g., 120℃ 

within 14 s at 2 V) (Figure 4.3a). From Figure 4.3b, a decrease of time constant from 2.64 s to 1.73 

s can be seen when comparing the cases without and with doping of BT powders. To reach a certain 

temperature, the heating time can be reduced under a higher voltage (Figure 4.3a). Thus we chose 

2 V in the rest of this work to illustrate the low-voltage actuation. Higher voltage may introduce 

local overheating due to possible nonuniformity in the AgNW network as a result of the drop-

casting method used in this work. Printing can achieve more uniform AgNW network.189-190 
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Figure 4.1 Design of the bimorph thermal actuator. (a) Fabrication process of the bimorph thermal 
actuator. (b) Schematic view of the bimorph thermal actuators without (left) and with (right) offset 
displacement on the passive ribbon. 
 

 

Figure 4.2 Thermal conductivity of BT/PDMS composite samples. 

 
Figure 4.3 (a) Temperature cycle of the AgNW/PDMS composite film under 0.5, 1, 1.5, 2, and 
2.2 V as a result of joule heating. (b) Temperature cycle of the AgNW/PDMS composite film with 
and without BT (80% weight ratio) doping under 2 V joule heating.  
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 To increase the actuation speed, we introduced a snap-through mechanism by applying an 

offset displacement at the free end of the middle ribbon, as shown schematically in Figure 4.1b. 

The offset ratio δ is defined as the ratio of the offset displacement of the middle ribbon to the 

length of the middle ribbon.  When peeled off from a sacrificial substrate, the composite film 

automatically curled (with the initial curvature of -5.23 cm-1) due to the stress gradient in the 

PDMS introduced during the curing. The middle ribbon is curved, with a curvature, slightly 

different from the initial one, after introducing the offset displacement. Upon turning on the 

voltage, the outward ribbons heat up as a result of Joule heating and undergo a typical bimorph 

thermal actuation as a result of the CTE mismatch between the AgNW/PDMS and PDMS layers. 

In this study, the AgNW density was 0.5 mg/cm-2 (CTE of AgNW/PDMS composite 1.9×10-4K-1, 

according to Figure 4.4); by contrast, CTE of PDMS is 3.1×10-4 K-1 (from Dow Product 

information sheet of Sylgard 184). The CTE of AgNW/PDMS composite as a function of the 

AgNW density is shown in Figure 4.4. We define the two outward ribbons (thermally actuated) as 

the active ribbons while the middle ribbon as the passive ribbon. During Stage Ⅰ of the actuation 

(Figure 4.5a ①-②), the passive ribbon gradually buckles up along with the active ribbons. Stage 

II (Figure 4.5a②-③) starts when the temperature on the active ribbons reaches the high transition 

temperature TH. The stored strain energy triggers a sudden snap-through (snap-forward) on the 

passive ribbon. In this stage, the curvature of the passive ribbon snaps from negative (curve down) 

to positive (curve up) and as a result the entire composite film flips abruptly. Stage Ⅲ (Figure 4.5a 

③-④) starts when the power is turned off. The temperature on the active ribbons gradually 

decreases and the two active ribbons bend back towards the negative direction. The bending of the 

active ribbons again results in energy accumulation in the passive ribbon. Stage Ⅳ (Figure 4.5a 

④-⑥) starts when the temperature on active ribbons drops to the low transition temperature TL. 
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The second snap-through (snap-back) is triggered by the stored strain energy, which brings the 

whole structure eventually back to its initial state.   

 
Figure 4.4 CTE of AgNW/PDMS composites with different AgNW densities. 

Figure 4.5b, c and d show the temperature of the active ribbon and the curvature and 

bending speed of the passive ribbon (with 2% offset), respectively, under five steady-state cycles 

of power on and off (2 V). Temperature of the actuator was measured from the top AgNW/PDMS 

composite layer. And the curvature of the passive ribbon was measured using a camera with high 

frame rate (240 fps).  Figure 4.5c shows that each cycle takes ~1 s for both forward and backward 

actuation. Of note is that the first cycle of heating up takes a bit longer time (~2 s) since the active 

ribbons have to heat up from room temperature (~23°C) to the first transition temperature (~100°C) 

(see Figure 4.6). In the following cycles the time intervals are shortened by controlling the 

maximum and minimum temperatures in each cycle. The two transition temperatures TL (~76°C) 

and TH (~88°C), as marked on Figure 4.5b, indicate the working temperature range for both the 

snap-forward and snap-back instabilities. In one actuation cycle, the two transition temperatures 

TL and TH must be reached, which is dictated by the heat transfer characteristics of the bimorph 

structure. Within this constraint, we can control the actuation frequency and hence the actuation 

speed. In this work we chose 0.47 Hz square wave for the power supply.  Figure 4.2d shows the 
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bending speed of the actuator, which is calculated by taking the derivative of recorded curvature 

of the middle ribbon.  

 
Figure 4.5 Bending performance of the snap-through enabled bimorph thermal actuator. (a) 
Snapshots of the bimorph thermal actuator within one actuation cycle. (b) Temperature and 
(c)curvature of the snap-through enabled bimorph thermal actuator in 5 stable cycles. (d) Bending 
speed of the snap-through enabled bimorph thermal actuator. 
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Figure 4.6 (a) Temperature and (b) curvature of the snap-through enabled bimorph thermal 
actuator in 6 cycles (including the first).  

We first studied the effect of offset ratio δ.  Figure 4.7a shows the curvatures of the 

actuators with different δ during one cycle of power on and off (square wave). The inset 

photographs compare the optimal case (δ=2.75%) and the no-offset case (δ=0%) side by side at 

three stages. The curvature of 0% δ starts with a linear increase (at the speed of 4.1 cm-1/s) until it 

reaches saturation, then decreases immediately (at the speed of 2.7 cm-1/s) when the power is 

turned off. In this case, the bending performance is the same as a previously reported work using 

AgNW/PDMS heater for bimorph actuators65 because the effect of the passive ribbon is negligible. 

The case of δ=1% shows a similar behavior. For the cases with δ=2%, 2.5% and 2.75%, the snap-

forward and snap-back processes are clearly manifested. In the case of 2.75%, the initial bending 

speed is 4.6 cm-1/s. Then the speed slows down to almost zero as the strain energy is being 

accumulated to overcome the negative curvature of the passive ribbon. When the temperature rises 

to TH, the snap-forward triggered bending speed increases to 17.3 cm-1/s, which is 4.2 times that 

of the initial loading speed in the no-offset case. After turning off the power, the snap-back bending 

speed reaches 28.7 cm-1/s, which is 10 times that of the unloading speed in the no-offset case. Such 
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a significant improvement in actuation speed has not been reported for soft electrothermal 

actuators, to the best of our knowledge. It can be seen that with larger offset δ, the preparation time 

for snap-through is longer and the peak loading and unloading speeds are larger. This is because 

the larger δ, the larger the energy barrier to overcome, and the more energy that is released. 

However, when δ exceeds 3%, the energy barrier becomes insurmountable and as a result the 

actuator cannot go through the snap-through stage.  

To optimize the design value of δ, we carried out a coupled thermomechanical FEA to 

simulate the actuation of the bimorph beams with the same initial curvature as that in experiments 

using ABAQUS (version 2017). A perfect bonding is assumed between the two constituent layers 

(AgNW/PDMS and PDMS) of the bimorph. An offset displacement is applied to the free end of 

the passive ribbon, while all fixed boundary condition is assigned to the free ends of the active 

ribbons. A uniform body heat flux (1.38×109 W/m3) is applied through the two active ribbons and 

the connecting part to simulate Joule heating along the conducting path. To quantitatively evaluate 

the snap-through behavior, the maximum displacements of the free end of the actuator with 

different offset ratios are plotted (Figure 4.7b). FEA results show that for successful snap-through 

the applied offset ratio should be between 1.2% and 2.75%, which agrees well with experimental 

measurements.  

In Figure 4.7c, we compare the peak bending speeds in our work and those of the reported 

soft bimorph thermal actuators with respect to the actuation frequency. The thermal actuators were 

triggered by different stimuli such as pH,191 current (Joule heating),65, 192-194 and light.195-196 These 

actuators typically showed a linear relationship of curvature and time under constant stimuli and 

had relatively low bending speed (0.006-0.536 cm-1/s).65, 191-196 By contrast, our actuator even 

without introducing the snap-through mechanism (offset displacement) is already among the 
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fastest (4.1 cm-1/s). With the snap-through design, the peak bending speed is further enhanced to 

be over 10 times faster, i.e., 28.7 cm-1/s, which is over 50 times faster than the highest reported in 

the literature (0.536 cm-1/s).196 The averaged bending speed within an actuation cycle is also 

improved (5.11 cm-1/s for snap-through and 4.35 cm-1/s for snap-back), when compared with the 

case without snap-through mechanism. In terms of actuation frequency, our actuator yields stable 

performance at around 0.47 Hz, which is also higher than all the reported results. Another 

advantage of our soft actuator is the low operation voltage. The reported electrically powered 

actuator generally required input voltage ranging from 4.5 to 30 V.65, 192-194 Yet our actuator only 

requires 2 V to achieve the high-speed actuation.  

To provide further insight into the snap-through mechanism, we conducted another FEA 

to examine the mechanical response of the bimorph actuator (Figure 4.8). All boundary conditions 

are similar to those in the previous thermomechanical FEA. Offset displacement (δ=0% and δ=2%) 

is applied to the free end of the passive ribbon (point A in Figure 4.8). Then a displacement-

controlled loading condition in z-direction is assigned to the free end of the passive ribbon (point 

B in Figure 4.8) and the reaction force at the same point is calculated. The force-displacement 

curve at point B and the corresponding snapshots capture the snap-through behavior. The force 

decrease during the snap-through reflects release of the strain energy in the structure, which is a 

typical manifestation of the snap-through instability.197  
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Figure 4.7 Experiment and finite element analysis on the design principle of offset ratio δ. (a) 
Curvatures of the actuators with different levels of offset displacement. The inset photographs are 
snapshots of two cases (δ = 0% and 2.75%) at different time. (b) FEA results of the maximum 
vertical displacement at the free end with different levels of offset ratio δ. (c) Comparison of peek 
bending speed between the snap-through enabled bimorph thermal actuator (our work) and other 
reported soft bimorph thermal actuators under different stimuli. 
 

                                                                  
Figure 4.8  FEA results of the force-displacement curves at point B under a displacement-
controlled loading condition in z-direction for δ=0% and 2%. The inset snapshots are displacement 
contours of the structure at different stages of the deformation for δ=0% and 2%.  
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To harness the fast response of the bistable thermal bimorph for potential applications, we 

first demonstrated an entirely soft crawling robot with high locomotion speed. The soft crawling 

robot is similar to the bimorph thermal actuator in structure but with the addition of four extended 

limbs on the four ends of the active ribbons. This limb design extends the front and back ends of 

the soft robot, which amplifies the bending amplitude in each actuation cycle and increases the 

crawling speed. A piece of adhesive tape was used to secure the displaced passive ribbon (with 

offset ratio δ) together with active ribbons. Figure 4.9a schematically shows the actuation 

procedure where a square waved voltage is supplied. The electrical power required for the crawling 

robot is around 0.22-0.26 W. Since a constant voltage is applied, introducing the snap-through 

mechanism actually reduces the power consumption by reducing the time required for reaching 

the same degree of bending curvature. When the power is on, the middle passive ribbon goes 

through the bending and snap-through process as described earlier and pushes the front limbs 

forward. When the power is off, the passive ribbon snaps back and brings the back limbs forward. 

Of note is the friction difference between the front and back limbs. Most existing crawling robots 

adopted special asymmetrical designs either on the crawling feet or on the ground to achieve 

unidirectional locomotion.65, 198 In our case, no asymmetric design on the feet is needed because 

the stiff adhesive tape creates an asymmetry by making the rear end bend less than the front and 

thus differentiates the touching angles between the front limbs and back limbs with the ground 

(Figure 4.9a). Figure 4.9b shows a series of snapshots that captured the crawling motion in 14 s.  

The actuation frequency is a key factor that determines the actuation speed. Here we 

investigated the effect of the actuation frequency on the crawling speed of the robot (δ=2.75%) as 

shown in Figure 4.4c. Additionally, Figure 4.9c shows the enhancement in the locomotion speed 

by introducing the offset displacement, compared to the no-offset case. The maximum location 
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speed is achieved at the frequency between 0.47 and 0.52 Hz (defined as critical frequency fc), 

which agrees well with the aforementioned experimental and simulation results on the bimorph 

thermal actuator. When the actuation frequency is lower than fc, the time gap between the snap-

forward and snap-back instabilities is too long and hence the speed is not fully exploited; when the 

actuation frequency is higher than fc, the actuation time is not sufficient for the actuator to reach 

the transition temperature TH and TL (i.e., overcome the energy barriers for the snap-through). 

Within the critical frequency range, the locomotion speed of the soft crawling robot in this work 

reached 1.04 body length per second (BL/s). For comparison, the crawling robots without offset 

yield a locomotion speed range of 0.19-0.36 BL/s. In Figure 4.9d, we compare our crawling robot 

with entirely soft robots (solid symbols for on-land robots and open symbol for under-water robot) 

in the literature in terms of locomotion speed and body mass.71, 78, 92, 181, 199-202 Here an entirely soft 

robot is defined as without rigid internal structures. It can be seen that our robot is among the 

fastest of the entirely soft crawling robots. Of note is that as shown in Figure 4.9d, the dielectric 

material enabled crawling robot yielded the same level of locomotion speed (1.03 BL/s) but the 

body mass was over 200 times that of our robot. Not to mention that it required a very high voltage 

(e.g., 3 kV),201 while our crawling robot requires only 2 V. 
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Figure 4.9 Snap-through enabled high-speed crawling robot. (a) Schematic illustration of the 
locomotion. (b) Live snapshots showing motion of a snap-through enabled crawling robot. (c) 
Comparison between two cases on the locomotion speeds with respect to the actuation frequency. 
(d) Comparison on the locomotion speed and body mass between the high-speed crawling robots 
(this work) and other reported soft locomotion robots (solid symbols for on-land robots and open 
symbol for under-water robot). 
 

As the second demonstration, we developed a biomimetic device that imitates a Venus 

flytrap. As shown in Figure 4.10a, a semicircle shape with multiple pointy thorns is designed 

imitating the lobes of a Venus flytrap and. The three-ribbon structure (with δ=2.75%) provides fast 

opening and closing of the lobes. Figure 4.10b illustrates the measured opening gap of the 
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biomimetic flytrap as a function of time during one cycle of actuation. The opening and closing 

each take ~1 s with the tip speed up to 24 mm/s, which is close to the speed of a real Venus flytrap 

(0.5-1 s). Interestingly, the closing process of our biomimetic flytrap follows the same process as 

real Venus flytraps, i.e., starting with a slow speed and then suddenly speeding up.203 This snap-

through structure may provide insights to other high-performance biomimetic designs. 

 
Figure 4.10 Snap-through enabled biomimetic Venus flytrap. (a) Schematic design of the snap-
through enabled biomimetic Venus flytrap. (b) Measured opening width of the biomimetic flytrap 
versus time with inset snapshots at different time. 

 

4.4 Conclusions 

In summary, this work reported a novel approach to increase the speed of soft thermal 

actuators, which has been a bottleneck limiting their application in fast soft robots. We designed 

and fabricated the bimorph thermal actuator with AgNW/PDMS composite film as the heating 

material and exploited snap-through instability to significantly increase the actuation speed. The 

effect of BT doping in the AgNW/PDMS composite, offset displacement, and actuation frequency 

were studied to improve the actuator performance. The snap-through instability played a critical 

role in increasing the actuation speed. The actuator yielded a bending speed as high as 28.7 cm-1/s, 

10 times that without the snap-through instability and >50 times faster than the highest reported in 

the literature. FEA was conducted to optimize the offset ratio and provide further insight into the 
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snap-through mechanism. Finally, we demonstrated the usability of the bimorph thermal actuator 

with a fast-moving soft crawling robot (1.04 BL/s) and a biomimetic Venus flytrap. This snap-

through mechanism reported in this work can be extended to increasing the speed of other types 

of soft actuators and robots. 
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CHAPTER 5 Programmable Thermal Actuation for a Soft Robot with Bidirectional 

Locomotion 

5.1 Introduction 

Soft robots have attracted wide attention in biomedical engineering, surgical assistance, 

active prosthetics, camouflage, and perception technologies. Lots of inspiration have been taken 

from the animal world to incorporate soft materials with mechanical design for soft robotics, for 

example, octopus 63, 204, fish 71, 205, snakes 199, 206, worms 207-208, and caterpillars 209-210. Some unique 

features of these animals, including multi-modal locomotion and passing through confined gaps, 

can be beneficial in complex and unstructured environments.  

Researchers have also been exploring different actuation methods for soft robots using a 

variety of stimuli, including pressure 62-64, heat 65-69, electrical field 70-72, magnetic field 73-75, and 

chemical potential 76-77. Among the various types of stimuli, electric stimulus is one of the simplest 

and most convenient, where electroactive polymers, either ionic or field activated, are widely used. 

For electrically stimulated actuators, the ionic activation typically operates in an electrolyte 

environment while the field activation requires high voltage (>1 kV) 176. Another type of 

electrically stimulated actuator, bimorph thermal actuator 65, 177-178. based on mismatch in 

coefficient of thermal expansion (CTE) of two materials, has drawn much attention due to 

programmable operation 179, lightweight, low actuation voltage, being electrolyte-free, and 

potential for untethered operation (e.g., via wireless charging) 59, 180.  

Among different thermal responsive materials, liquid crystal elastomer (LCE), a thermally 

driven actuating material that combines polymer network and liquid crystal mesogens, has recently 

attracted much attention because of its unique properties, including large (~40%) and reversible 

actuation, high processability, and programmability. As the temperature increases, liquid crystal 
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mesogens transition from the nematic phase to the isotropic phase, leading to a notable and 

macroscopic deformation in the material. A variety of LCE-based actuators have been designed 

and fabricated, which are often actuated by direct environmental heating 211-212, photothermal 

effects 213-216, and electrothermal actuation 217-221. However, for most practical applications, 

electronically powered actuators provide notable convenience for system control and integration. 

Some recent studies have successfully integrated stretchable resistive heaters with LCE for better 

control with electrical signals 217, 219. 

Here we present an LCE-based crawling robot that mimics the caterpillar locomotion with 

multiple actuation modes and controlled by joule heating of patterned silver nanowire (AgNW) 

heaters. With the designed AgNW heating pattern and switchable conducting channels, different 

temperature distributions and hence curvature distributions have been achieved, resulting in 

different friction competition between the front and rear ends with the ground. To demonstrate the 

function of the crawling robot in potential applications, we characterized two crawling modes and 

tested with a scenario of passing through a confined gap. The actuation modes, the crawling speed, 

and the ability of passing through obstacles with small gap have been studied with experiment and 

finite element analysis. 

5.2 Experimental Section 

5.2.1 LCE ribbon fabrication 

The LCE samples were synthesized by Yao Zhao with modified thiol-acrylate Michael 

addition reaction method. The liquid crystal mesogenic monomer, 1,4-bis-[4-(3-

acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (RM 257), was purchased from Wilshire 

Technologies and utilized without further modification. In a typical synthesis process, 2 g of RM 
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257 was first fully dissolved in 0.7 g of toluene at 85 °C with magnetic stirring, followed by cooling 

down to room temperature. Then, 0.42 g of the chain extender 2,2’-(ethylenedioxy) diethanethiol 

(EDDET, Sigma Aldrich), 0.18 g of crosslinker pentaerythritol tetrakis (3-mercaptopropionate) 

(PETMP, Sigma Aldrich), and 0.012 g of the photoinitiator (2-hydroxyethoxy)-2-

methylpropiophenone (HHMP, Sigma Aldrich) were added in the solution. The solution was then 

well dissolved at 85 °C and cooled down to room temperature again. Subsequently, 0.288 g of the 

dipropyl amine (DPA, Sigma Aldrich) solution (2 wt%, in toluene) was added in the solution that 

serves as the catalyst. After being fully mixed and degassed, the solution was carefully poured in 

the prepared mold (length 9 cm, width 3 mm, depth 1 mm). Next, the mold was placed in a closed 

container overnight for fully reaction. A first-cured LCE sample can be obtained after dried at 80 

°C for 1 d. When the LCE ribbon was fully dried, it was uniaxially stretched to 100% strain, 

followed by exposure to 365 nm ultraviolet (UV) irradiation at an intensity of 20 mJ/cm2 for 10 

min. 

5.2.2 Fabrication of the crawling robot 

 A patterned mask was made by laser cutting a thin PI film on top of a glass slide. Then the 

prepared AgNW solution was drop-casted on the masked glass slide, which was then placed onto 

a hot plate at 50 °C to evaporate the solvent. After the solvent was evaporated, the PI mask was 

removed together with AgNWs on top. Liquid PDMS (SYLGARD 184, DOW Inc.) with a weight 

ratio of 10 : 1 was mixed thoroughly with carbon black (weight ratio between liquid PDMS and 

carbon black was 4:1 and then dropped on top of the patterned AgNWs on glass slide. After spin 

coating, the PDMS/CB layer was controlled with uniform thickness. The AgNW/PDMS/CB 

composite was cured at 70°C for 1 hour 31, 65. Then the PDMS/CB side of the composite film and 

the surface of prepared LCE ribbon was plasma treated for 20s and then laminated together with 
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pressure to form a strong bonding. The Cu wires were attached to the eight ends of the conductive 

patterns by silver epoxy (MG Chemicals).  

5.2.3 FEA of the two crawling modes 

The crawler is modeled as a bilayer 3D deformable part, while the ground is modeled as a 

rigid part. The geometry of all actuators was taken from experimental data and imported into 

Abaqus CAE and then meshed with solid quadratic tetrahedral elements (C3D10H). A mesh 

refinement study was applied to verify the accuracy of the mesh. The thermal expansion of the 

LCE elastomer is set to be orthotropic according to the prestretch direction in experiments, where 

the expansion coefficients are -0.1, 0, and 0 in the x, y, and z directions, respectively. An equal 

friction coefficient (0.3) is applied between the bottom and side surface of the crawler and the 

substrate to simulate the varying friction force induced by the morphology with a predefined 

temperature field applied during dynamic explicit analysis. The thermal expansion rate of the LCE 

elastomer is set to be orthotropic according to the prestretched direction in the experiment. 

Young’s modulus of the LCE was taken from tensile experiment shown in Figure 5.1. The Young’s 

modulus of AgNW/PDMS is taken from Dow Inc. datasheet. The effect of AgNWs on the 

composite was neglected due to the minimal thickness ratio (<1:20). 
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Figure 5.1 Stress strain curve of the LCE ribbon. 

 

5.3 Results and Discussion 

In nature, the mother-of-pearl moth, Pleurotya ruralis, exhibits two-directional locomotion 

222-223. During the forward locomotion, the caterpillar contracts a few hind segments while 

anchoring the front to move the tail forward, producing a characteristic traveling hump on the 

back. Subsequently it releases the hump while anchoring the terminal tip. The entire caterpillar 

becomes flat again and as a result moves one step forward (Figure 5.2a). During the reverse 

locomotion, the caterpillar anchors the terminal tip on the ground followed by a powerful 

contraction of the middle part of the body. This motion produces a large hump that arches up the 

whole body. Then while anchoring the front part, the caterpillar releases the hump, becoming flat 

again and moving one step backward (Figure 5.2b). The key feature enabling the two-directional 

movement here is the control of the body curvature. While the caterpillar kinematics involve more 

sophisticated active control of the body parts at different segments, a caterpillar inspired crawling 

robot that can control the local curvature of the body could mimic the same two-directional 
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movement. Figure 5.2c and d show the forward and reverse locomotion of a crawling robot, when 

different heating channels (or patterns) are heated. When the heater is turned off, relaxation of the 

bent bimorph structure brings the actuator either forward or backward to finish one cycle of 

locomotion. Figure 5.2e and f show the corresponding infrared images and tilted views of the 

actuator when Channel 1 and 2 are heated, respectively. In Figure 5.2c and d, a constant current 

applied to the inner two electrodes (Channel 1) and outer two electrodes (Channel 2) lead to the 

forward and reverse locomotion, respectively. 

 

Figure 5.2 Bio-inspired crawling motions. (a) Schematics of the forward locomotion of a 
caterpillar. (b) Schematics of the reverse locomotion of a caterpillar. (c) Snapshots of the crawling 
robot in one cycle of actuation for reverse locomotion.  (d) Snapshots of the crawling robot in one 
cycle of actuation for forward locomotion. (e) The infrared image of the crawling robot with 0.05 
A current injected in Channel 1 and the tilted view of the crawling robot. (f) The infrared image 
of the crawling robot with 30 mA current injected in Channel 2 and the corresponding tilted view 
of the crawling robot. 
 

Figure 5.3a shows the fabrication process of the crawling robot. AgNWs have been widely 

used as a heating material in soft devices due to their excellent electric conductivity and 

mechanical compliance 8, 65, 118-119. In this work, we used AgNWs as the heating element, 
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embedded just below the surface of a polydimethylsiloxane (PDMS) matrix 7, 31, 188. The crawling 

robot is a bimorph structure with a AgNW/PDMS and Carbon black (CB) composite film 

laminated on top of an LCE ribbon. The AgNW pattern was defined by drop casting AgNW 

solution on top of a masked Si substrate; the AgNWs were in the form of a percolation network 

structure (see Figure 5.4). CB powders were doped inside the PDMS precursor to enhance the 

thermal conductivity. Then liquid PDMS/CB composite was dropped on top of the AgNW network 

and cured to half embedded the AgNW network below the surface of the PDMS/CB matrix (Figure 

5.3b). The LCE ribbon was fabricated by mechanical stretching of a rectangular flat LCE strip 

synthesized by two-stage polymerization 224-225. Plasma treatment and mechanical pressure were 

applied to form strong bonding between the AgNW/PDMS/CB composite film and the LCE 

ribbon.  

 

Figure 5.3 Design and fabrication of the caterpillar inspired crawling robot. (a) Fabrication steps 
of the caterpillar inspired crawling robot. (b) Cross-section view of the fabricated sample. The 
AgNWs are half-embedded below the top surface of PDMS/CB composite. The mesogens in the 
LCE ribbon are aligned through tensile stretching. (c) Top view of the crawling robot with 
symmetric Actuator A and B. Each actuator contains two conductive channels (1 and 2).  
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Figure 5.4 SEM image of dropcasted AgNW network on silicon wafer. 

When electric current is applied to the AgNW network, heat is generated as a result of 

Joule heating and transferred to the PDMS/CB composite layer and the LCE layer. Note that the 

half embedded AgNW structure is above the PDMS/CB and LCE layers (Figure 5.3b). This is 

because the PDMS/CB surface can form stronger bonding with the LCE surface than the 

AgNW/PDMS/CB surface. As the AgNW/PDMS/CB layer is relatively thin (60 μm), this 

configuration does not sacrifice much of the heating efficiency. When the temperature increases, 

the PDMS/CB composite expands due to thermal expansion, while the LCE layer shrinks due to 

the nematic-isotropic transition. Figure 5.3c shows the top view of the crawling robot with two 

symmetric actuators (A and B). Each actuator contains two conductive channels (1 and 2). By 

designing the AgNW heater pattern and hence tailoring the temperature distribution, different 

kinematics of the crawling robot can be achieved.   

The performance of the bidirectional locomotion entails three major aspects: the heater 

performance, the frictional force analysis, and the effect of the amplitude and frequency of the 

power supply.  
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The conductive AgNW pattern is composed of two symmetric parts, each containing two 

sections, as shown in Figure 5.5a. Section 1 is uniformly covered with a serpentine shaped 

conductive trace with line width of 0.65 mm. Section 2 is composed of two groups, each containing 

a thin serpentine trace (0.65 mm in width) and a thick straight line (2.4 mm) in parallel. The 

equivalent circuit model is shown in Figure 5.5b. In this study, the as-fabricated AgNW/PDMS 

composite has a uniform sheet resistance of 0.5 Ω sq-1. The resistance components as shown in 

Figure 5.5b, R1, R21, and R22, are 115.4 Ω, 38.8 Ω, and 3.2 Ω, respectively. As a result, Channel 1 

has a resistance of 193 Ω and Channel 2 has a resistance of 121.8 Ω.  

To characterize the heating and actuation performance of the crawling robot, we conducted 

a parametric study on the effect of the electrical current and the bilayer thickness ratio between the 

AgNW/PDMS/CB film and the LCE ribbon (t1/t2), with Section 1 of the device cantilevered on a 

fixed boundary (Figure 5.5c). Figure 5.4d shows the curvature of the sample (with constant 

t1/t2=0.239) as a function of time under different currents from 10 to 30 mA. With the increasing 

current, the heating time significantly dropped from 80 to 12 s. Of note is that the power supply 

was stopped when the curvature reached the maximum value of 2.3 cm-1 (the sample bent into a 

circle). Figure 5.5e shows the curvature with respect to time with different thickness ratios 

(t1/t2=0.239, 0.548, 0.865). With the same applied current (25 mA) and the same heating time, the 

sample with t1/t2=0.239 yields the largest bending curvature. The curvature of a bimorph can be 

calculated with the Timoshenko’s equation:226 

𝑘 =
( )( )( )

( ) ( )( )
                                                   (1) 

where 𝑚 =  with 𝑡  and 𝑡  as the thicknesses of the two layers (AgNW/PDMS/CB layer and 

LCE layer, respectively), h = 𝑡 +𝑡 , 𝑛 =  with 𝐸  and 𝐸  as the Young’s moduli of the two 
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layers, 𝑇  is the initial temperature, 𝑇 is the temperature of the actuator, and α1 and α2 are the 

coefficients of thermal expansion of the two layers, respectively.  

Figure 5.5f plots the theoretical prediction of the curvature according to equation (1) and 

the experimental results, which agreed well. Note that in equation (1), we neglected the Young’s 

modulus contribution from AgNWs since the AgNW embedded layer is only 3 μm, while the 

whole PDMS/CB layer is generally 20 times thicker. The Young’s modulus of LCE was measured 

by uniaxial tensile testing (Figure 5.1). Thus, in the following discussion, we choose t1/t2=0.239 

for the bending actuation. Similarly, the temperature with respect to time has been plotted for 

different current and different thickness ratios (Figure 5.5g and h). The temperature of the bimorph 

was taken using an IR camera focusing on the top surface of the PDMS/CB composite area. 

Finally, the curvature as a function of the temperature for the samples with t1/t2=0.239 is plotted 

in Figure 5.5i. A nonlinear relationship can be seen even though equation (1) predicts a linear 

relationship. This can be explained by the nonlinear relationship between α2 and the temperature. 

Figure 5.6 shows that α2 in the LCE layer gradually increases with the increase of temperature 

from room temperature to 75 ℃ and then starts to decrease until 145 ℃. As a result, the curvature 

of the bimorph structure shows a slope increase when the temperature rises within the range shown 

in Figure 5.5i. With increase of the temperature, the Young’s modulus of the LCE also increases 

but with negligible influence on the curvature based on equation (1). 
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Figure 5.5 Heating performance of the soft crawling robot. (a) Photograph of the heating pattern 
with two sections on each actuator. (b) Diagram of the two-channel electrical circuit corresponding 
to the heating pattern in A. (c) Photograph of the bimorph before (left image) and after (right 
image) the heater is turned on. (d) Curvature of the bimorph cantilever with respect to time with 
different current applied. (e) Curvature of the bimorph cantilever with respect to time with different 
thickness ratio between the two layers of the bimorph. (f) Theoretical prediction of maximum 
curvature compared with the experimental results. (g) Temperature of the bimorph cantilever with 
respect to time with different current applied. (h) Temperature of the bimorph cantilever with 
respect to time with different thickness ratio. (i) Relationship between the curvature and 
temperature of the bimorph cantilever. 
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Figure 5.6 Strain-temperature relationship of the fabricated LCE ribbon. 

In Figure 5.7a, the left panel shows the snapshots of the forward locomotion mode of the 

caterpillar robot. In snapshot 2, when Channel 1 of Actuator A (left half of the robot) is activated 

(Mode 1 or forward motion), Actuator A starts to arch and causes a friction competition between 

the left end and the right end (fA and fB). Due to the asymmetry of the arc shape, fA is hypothesized 

to increase and reach the sliding friction criteria before fB does. As a result, the left end slides 

rightward while the right end stays stationary. When the power is off, relaxation of the asymmetric 

arc shape causes the friction forces fA and fB to switch direction simultaneously and start a new 

competition. This time, fB reaches the sliding friction first and starts to move rightward, while the 

left end is anchored until the whole robot returns to the initial flat state. Similarly, the left panel of 

Figure 5.7b shows the Mode 2 (or reserve motion) of Actuator A when Channel 2 of Actuator A 

is activated. In snapshot 2, the asymmetric arch shape shows a very different curvature distribution 

compared with snapshot 2 in Figure 5.7a. In Mode 2, more of the middle part of the robot is lifted 

up leaving a smaller contact area between the right end and the ground. Such a difference in contact 
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area with the ground results in an opposite friction competition outcome. Snapshots 2 and 3 show 

that fB reaches the sliding force first. The right end continues to move leftward while the left end 

stays anchored. Similarly, when the power is off, relaxation of the arch shape leads to leftward 

motion of the left end while the right end stays anchored.  

To validate the hypothesis above, a finite element analysis using Abaqus/CAE is conducted 

by Yaoye Hong. The soft crawler is modeled as a bilayer 3D deformable structure and the ground 

is modeled as a rigid surface. A friction coefficient (0.3) is applied between the bottom and side 

surfaces of the crawler and the substrate. The defined heating area is the same as observed from 

the IR images in experiment. The snapshots of the simulated results agree very well with 

experimental results in terms of locomotion direction and relative out-of-plane displacement (𝑈  

normalized by the length of the actuator). The friction forces on the two ends of the crawling robot 

are extracted from the simulation and normalized by the self-weight of the robot (Figure 5.7c and 

D). Point ② in Figure 5.7c (Mode 1) shows that fA < fB , which causes the sliding of the left end. 

However, starting from point ③, fA increases more than fB and causes the right end of the crawling 

robot to slide on the ground. In Mode 2 (Figure 5.7d), fA > fB in the first half of actuation cycle. 

When the power is off, fA drops below fB for the rest of the actuation cycle. Hence, Mode 2 shows 

a completely opposite direction of locomotion compared with Mode 1. The opposite sliding 

sequence of Actuator A and Actuator B is a result of different centroid location and touching angle 

with the ground when the robot bends to different shape. The simulation results validated the 

friction competition mechanism of the crawling robot when distributed heating is applied.   
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Figure 5.7 Two crawling modes of the caterpillar robot. (a) Comparison between the images and 
simulation results (color bar representing the normalized out-of-plane deformation) of the robot in 
Mode 1. (b) Comparison between the images and simulation results of the robot in Mode 2. (c) 
and (d) Friction force on two ends of the crawling robot in Mode 1 and Mode 2 normalized by the 
self-weight of the robot. 

Figure 5.8 shows the locomotion speed (Mode 1 and 2) of the crawling robot as a function 

of the applied current (from 5 to 30 mA) and actuation frequency (from 0.016 to 0.066 Hz). In 

general, both Mode 1 and 2 show increasing speed when the applied current increases (Figure 5.8a 

and b). It can be observed more clearly in the Speed vs. Current plot as shown in Figure 5.8c. But 

in terms of Speed vs. Frequency (Figure 5.8d), the locomotion speed first increases with the 

increasing actuation frequency but then decreases. When it reaches the maximum value 

(highlighted in red dots in Figure 5.8a and b), further increase of the frequency decreases the 

locomotion speed. This is due to the minimum heating and cooling time required during each 
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actuation cycle. It is straightforward that when the actuation frequency is low, the locomotion 

speed is low. However, when the frequency is too high, within each cycle the time for cooling is 

too short for the crawling robot to become flat again or even the time for heating is not sufficient 

to reach the target curvature. As a result, the locomotion speed drops. Compared with the Mode 1, 

Mode 2 is generally faster. This is because in Mode 2, a larger part of the robot contracts and 

generates a longer stride for each crawling step, consistent with the caterpillar locomotion.  

 

Figure 5.8 Locomotion speed of the crawling robot. (a) Mode 1 (b) Mode 2 with different current 
and actuation frequency. (c) Locomotion speed of Mode 1 and 2 with different current and constant 
actuation frequency of 0.05 Hz. (d) Locomotion speed of the Mode 1 and 2 with different 
frequency and constant current of 30 mA. 
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Finally, due to the symmetric two-actuator design (e.g., Figure 5.3c) in our crawling robot 

and the 2-directional locomotion capability for each actuator, we demonstrated the application of 

the soft crawling robot by passing through small, confined space with a much lower gap height 

than that of the robot. Figure 5.9a shows the side view of the crawling robot in motion – it starts 

with Actuator A with a current applied to Channel 2 for one cycle and then switches to Actuator 

B with a current applied to Channel 1 for another cycle. Because of the symmetricity of the two 

actuators, this actuator transition together with mode transition does not change the moving 

direction for the whole device. By overlapping all the snapshots during this entire motion, we can 

observe an envelope contour (dashed line in Figure 5.9b) that reveals a deep valley in the middle. 

This interesting body profile can facilitate the crawling robot to pass under obstacles with confined 

space. The schematic in Figure 5.9b shows a few examples of the obstacles (rectangular boxes) 

that the robot can pass beneath. The capability of passing through a confined space can be predicted 

from the envelope contour of the crawling robot with different voltage applied. (Figure 5.10) More 

specifically, we set up a confined tunnel with a height of only 3 mm and length of 30 mm. Of note 

is that with no constraint the maximum height of the crawling robot can reach up to 8.9 mm in 

Mode 1 and 14.5 mm in Mode 2. Figure 5.9d shows the snapshots of the robot passing through 

this confined tunnel and passing back to return to the initial location. When the robot passes 

through, the actuators are operated just as described above and shown in Figure 5.9a. When the 

robot retrieves, Actuator B changes from Mode 2 to Mode 1 so that the robot gets pushed back 

into the tunnel. Then, Actuator A is turned on in Mode 2, which drives the body parts free of the 

geometrical constraint without changing the moving direction. We note that the multi-gait 

capability distinct our soft robot from the most reported soft crawlers under different actuations, 

where they are capable of neither changing their gaits to go through confined spaces nor moving 
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bidirectionally 63-64, 67, 96, 227. This capability of passing through small confined space in forward 

and backward locomotion can be of promising potential for many applications such as search and 

rescue.  

 

Figure 5.9 Demonstration of the crawling robot passing through a shallow deep gap. (a) Side view 
of the crawling robot during the transition from Actuator A to Actuator B. (b) Overlapped 
photographs showing the history of motion in (a) and corresponding schematic showing the 
obstacles that the crawling can pass through. (c) Comparison between the crawling robot and the 
obstacle which forms a confined tunnel with the floor. (d) Snapshots of the robot passing through 
this confined tunnel and reversely passing again to return to the initial location.   

 
Figure 5.10 The envelope contour and corresponding polynomial fit of the crawling motion with 
5V and 8V applied. 
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5.4 Conclusions 

We have designed and fabricated an LCE-based crawling robot that mimics the different 

locomotion modes of a caterpillar. The different actuation modes are controlled by joule heating 

of designed AgNW heating patterns. With designed heating patterns and switchable conducting 

channels, different temperature and curvature distribution can be achieved, resulting in different 

frictions between the front and rear ends with the ground. FEA was conducted to model the friction 

mechanism of the locomotion modes, which agreed very well with the experimental results. The 

locomotion speed of the two crawling modes (forward and reverse) as a function of the applied 

current and frequency were characterized. To demonstrate the crawling robot for potential 

applications, we tested with a scenario of passing through a confined gap with limited space. The 

strategy of distributed heating and actuation with thermal responsive materials offers exciting new 

capabilities for smart and multifunctional soft robots. 
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CHAPTER 6 Merging Silver Nanowire Heater and Mechanical Instability for Fast Robust 

and Efficient Soft Robots 

6.1 Introduction 

Soft robots are constructed from highly compliant materials. In contrast to their rigid 

counterparts, they allow adaptability to changing environments and dynamic task settings, as well 

as improved safety when working around humans 135, 171. Soft robots have found wide applications 

in biomedical engineering, surgical assistance, active prosthetics, camouflage, and perception 

technologies 136, 172-175. Researchers have been exploring different actuation methods for soft robots 

using a variety of stimuli, including pressure 62-63, heat 65-66, electrical field 70-72, magnetic field 73-

75, and chemical potential 76-77.  

No actuation method has yet emerged as the dominant method. Trade-offs exist in force, 

speed, displacement, and requirement for auxiliary equipment. Research in the field has so far 

focused on improving the performances of these actuation methods 135. Among the various types 

of stimuli, electric stimulus is one of the simplest and most convenient, where electroactive 

polymers, either ionic or field activated, are widely used. For electrically stimulated actuators, the 

ionic activation typically operates in an electrolyte environment while the field activation requires 

high voltage (>1 kV) 176. Another type of electrically stimulated actuator, bimorph thermal actuator 

65, 177-178, 219, based on mismatch in coefficient of thermal expansion (CTE) of two materials, has 

drawn much attention due to programmable operation179, lightweight, low actuation voltage, being 

electrolyte-free, and potential for untethered operation (e.g., via wireless charging) 59, 180. 

However, owing to the intrinsic thermal properties of soft materials, a major limitation of such 

thermally triggered soft robots is the relatively low speed. Indeed, improving the speed of soft 

robots has been a general challenge in the field, especially for entirely soft robots (without 
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assistance of rigid skeletons, frames, etc.) 71, 92, 181. Another major limit for soft bimorph actuators 

is the relatively low actuation force compared with other actuation methods. 

Among different thermal responsive materials, liquid crystal elastomer (LCE), a thermally 

driven actuating material that combines polymer network and liquid crystal mesogens, has recently 

attracted much attention because of its unique properties, including large (~40%) and reversible 

actuation, high processability, and programmability. As the temperature increases, liquid crystal 

mesogens transition from the nematic phase to the isotropic phase, leading to a notable and 

macroscopic deformation in the material. A variety of LCE-based actuators have been designed 

and fabricated, which are often actuated by direct environmental heating 211-212, photothermal 

effects 213-216, and electrothermal actuation 217-221. Some recent studies have successfully integrated 

stretchable resistive heaters with LCE for better control with electrical signals 66, 217, 219. 

In addition to the material-based strategy, instability-based shape morphing has attracted 

much attention 183. Snap-through instability has been adopted in the field of soft actuators and soft 

robots 64, 67, 100, 102, 184-186. A soft robot enabled by isochoric snapping of spherical caps was reported 

with ability to jump off the ground 228. In another work, bistable shape memory polymer muscles 

are connected to paddles to amplify actuation forces for a swimming robot 185. For locomotion 

robots, a spine assisted soft crawling robot leveraging the elastic instability was reported with high 

locomotion speed and large actuation force 64. Our previous work combined snap-through 

instability with soft electrothermal actuation and achieved high speed (28.7 cm-1/s) 67. However, 

its low actuation force is a major limit for load-carrying tasks.  

Here we present a bimorph thermal actuator, composed of silver 

nanowire/polydimethylsiloxane (AgNW/PDMS) composite and LCE, with snap-through 

instability to achieve fast and robust actuation. The actuator, including two active and one passive 
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ribbons, was fabricated using a simple and low-cost process (Figure 6.1). The snap-through 

instability was introduced by applying an offset displacement to the passive ribbon. Both 

experiments and finite element analysis were conducted to investigate the prestrain of the 

AgNW/PDMS composite and offset displacement on the actuator performance. The snap-through 

instability significantly increased the actuation speed. The actuation force reached 46.5 mN which 

is 28.5 times its self-weight. A gripper with fast speed showed 135.5 ms reaction time during a 

ruler drop test. A crawling robot is demonstrated with capability of dribbling and shooting a soccer 

ball that is 23.7 times of its self-weight.  

6.2 Experimental Section  

6.2.1 LCE ribbon fabrication 

The LCE samples were synthesized by Yao Zhao using a modified thiol-acrylate Michael 

addition reaction method. The liquid crystal mesogenic monomer, 1,4-bis-[4-(3-

acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (RM 257), was purchased from Wilshire 

Technologies and utilized without further modification. In a typical synthesis process, 2 g of RM 

257 was first fully dissolved in 0.7 g of toluene at 85 °C with magnetic stirring, followed by cooling 

down to room temperature. Then, 0.42 g of the chain extender 2,2’-(ethylenedioxy) diethanethiol 

(EDDET, Sigma Aldrich), 0.18 g of crosslinker pentaerythritol tetrakis (3-mercaptopropionate) 

(PETMP, Sigma Aldrich), and 0.012 g of the photoinitiator (2-hydroxyethoxy)-2-

methylpropiophenone (HHMP, Sigma Aldrich) were added in the solution. The solution was then 

well dissolved at 85 °C and cooled down to room temperature again. Subsequently, 0.288 g of the 

dipropyl amine (DPA, Sigma Aldrich) solution (2 wt%, in toluene) was added in the solution that 

serves as the catalyst. After being fully mixed and degassed, the solution was carefully poured in 
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the prepared mold (length 9 cm, width 3 mm, depth 1 mm). Next, the mold was placed in a closed 

container overnight for fully reaction. A first-cured LCE sample can be obtained after dried at 80 

°C for 1 d. When the LCE ribbon was fully dried, it was uniaxially stretched to 100% strain, 

followed by exposure to 365 nm ultraviolet (UV) irradiation at an intensity of 20 mJ/cm2 for 10 

min. 

6.2.2 Fabrication of the AgNW/PDMS/LCE actuator 

The prepared AgNW solution was drop-casted on a glass slide, which was then placed onto 

a hot plate at 50 °C to evaporate the solvent. After the solvent was evaporated, liquid PDMS 

(SYLGARD 184, DOW Inc.) with a weight ratio of 10 : 1 was mixed thoroughly and then dropped 

on top of the AgNW network on glass slide. After spin coating, the AgNW/PDMS composite was 

controlled with uniform thickness. The AgNW/PDMS composite was cured at 70°C for 1 hour 31, 

65. Then the PDMS side of the pre-stretched AgNW/PDMS composite film and the surface of 

prepared LCE ribbon was plasma treated for 20s and then laminated together with pressure to form 

a strong bonding. The AgNW/PDMS/LCE composite sample was then laser cut into an M shaped 

pattern and removed from the glass slide. Then the AgNW/PDMS/LCE composite film was 

attached to a fixed supporting surface with the middle ribbon slightly dislocated in the horizontal 

direction. The Cu wires were attached to the eight ends of the conductive patterns by silver epoxy 

(MG Chemicals).  

6.2.3 Fabrication of the snap-through enabled soccer robot  

The AgNW/BT/PDMS composite film was prepared using the same materials and method 

described above. Then the composite film was laser cut into an M shaped pattern with four 

extended limbs at the four corners. The middle ribbon was slightly dislocated in the horizontal 
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direction and then fixed together with the other two ribbons by a piece of adhesive tape. Cu wires 

were attached to the two outer ends of the pattern by silver epoxy (MG Chemicals) for connection 

to the power source (Agilent 6613C).  

6.3 Results and Discussion 

Figure 6.1a shows the fabrication process of the snap-through enabled bimorph thermal 

actuator. AgNWs have been widely used as a heating material in soft devices due to their excellent 

electric conductivity and mechanical compliance 8, 22, 65, 118-119, 187. In this work we fabricated the 

soft heater using the AgNWs in the form of a percolation network, as the heating element, 

embedded just below the surface of the polymer matrix (PDMS in this case) 7, 31, 188. The 

AgNW/PDMS layer (3 μm in thickness) and the pure PDMS layer (80 μm in thickness) form an 

electrothermal heater. After curing in an oven, the composite film is prestretched with εpre and 

laminated with the LCE ribbon (0.35 mm) after plasma treatment. The AgNW/PDMS/LCE 

composite is then laser cut into an M shape. The two outward ribbons together with the connecting 

part of the M shaped pattern form the conducting path with uniform sheet resistance. Upon 

releasing of the prestrain in the AgNW/PDMS layer, the AgNW/PDMS/LCE composite bend into 

a curved shape with initial curvature κ0. Figure 6.2 shows the initial curvatures with different εpre 

applied. With the middle ribbon dislocated by εoffset of the original length in the horizontal 

direction, the middle ribbon shows a slightly larger initial curvature compared with the other two. 

We define the two outward ribbons (thermally actuated) as the active ribbons while the middle 

ribbon as the passive ribbon. When applying a low voltage (on the order of a few volts) at the two 

ends of the heater, the AgNW/PDMS composite film can quickly heat up (e.g., 120℃ within 14 s 

at 2 V) (Figure 6.3). Because of the nonlinear relationship between the shrinking strain and the 

temperature of LCE (Figure 5.6), the working temperature of the AgNW/PDMS/LCE bimorph is 
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set between the room temperature and 80℃ to harness the large response of LCE within small 

temperature range.  

Figure 6.1 Design and fabrication of the AgNW/PDMS/LCE actuator. 

 
Figure 6.2 (a) Photograph and (b) Initial curvature of the AgNW/PDMS/LCE sample with 
different pre-strain applied. 
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Figure 6.3 Heating performance of the AgNW/PDMS heater. 

A snap-through mechanism of this structure is enabled by applying an offset εoffset at the 

free end of the middle ribbon, as shown schematically in Figure 6.1. The offset ratio εoffset is defined 

as the ratio of the offset displacement of the middle ribbon to the length of the middle ribbon. 

Figure 6.4a shows snapshots of the case with εpre =0 and εoffset=1%, which correspond to the red 

curve in Figure 6.4b. From snapshot ①-②, the active ribbons heat up as a result of Joule heating 

(2 V) and undergo a typical bimorph thermal actuation as a result of the thermal response mismatch 

between the AgNW/PDMS layer and LCE layer. In this study, the AgNW density was 0.5 mg/cm-

2, the CTE of PDMS is 3.1×10-4 K-1 (from Dow Product information sheet of Sylgard 184). The 

CTE contribution from AgNWs is neglected because of the large thickness ratio between the 

AgNW/PDMS composite and the pure PDMS (3:80). By contrast, the effective CTE of LCE 

ribbon can be derived from Figure 5.9. Of note is that the LCE layer shows not only large effective 

CTE but also in the opposite direction (the AgNW/PDMS layer expands while the LCE layer 

shrinks). Compared with traditional bimorph actuators which have both layers with positive 

thermal expansion, the LCE based bimorph actuators shows significantly larger curvature given 
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same temperature increase. As a result, the AgNW/PDMS/LCE actuator can bend efficiently to 

large curvature with low voltage. 

Figure 6.4 Bending performance of the snap-through enabled bimorph thermal actuator. (a) 
Snapshots of the bimorph thermal actuator (εpre =0, εoffset =1%). (b) Displacement and (c) speed of 
the tip of the actuator with εpre =0 and εoffset of 0, 1% and 2%. (d) Snapshots of the bimorph thermal 
actuator (εpre =2%, εoffset =1%). (e) Displacement and (f) speed of the tip of the actuator with 
εoffset=1% and εpre of 0, 1% and 2%. 
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From snapshot ②-③ in Figure 6.4a, the active ribbon keep heating up while the 

passive ribbon is forced to deform into an “S” shape. During this process, the bending speed 

slows down and a large bending energy is accumulated and stored in the passive ribbon. 

When the temperature increased to the high transition temperature. The stored strain energy 

triggers a sudden snap-through (snap-forward) on the passive ribbon. Snapshots ③-④ show the 

passive ribbon snapping from S-shaped curvature to negative curvature (curve right) and as a result 

the entire composite film flips abruptly. The red curve in Figure 6.4b shows the tracked 

displacement of the tip of the actuator. The red curve in Figure 6.4c shows the derived speed of 

the tip. A maximum tip speed of the actuator reached 30.6 mm/s (horizontal direction) during the 

transition from ③-④. From point ④-⑤ in Figure 6.4b, the power is turned off and the active 

ribbons cool down to room temperature. However, point ⑤ shows that the tip stopped at 

5.6 mm position. This can be explained by the cooling process not being able to overcome 

the energy barrier introduced by the 1% offset in the passive ribbon.  

Figure 6.4b and c also shows the tracked tip motion and speed of cases with εoffset =0 (green) 

and εoffset =2% (black) while keeping εpre =0. When εoffset =0, a similar tip motion can be observed. 

In this case, the snap-through behavior is enabled solely by the shrinking of the active ribbons, 

which result in a smaller energy barrier compared to the case with εoffset =1%. Thus, the snap-

through happens at earlier stage with lower snapping speed (17.4 mm/s in horizontal direction). 

When the power is off, unlike the case with εoffset =1%, the actuator can fully recover to the initial 

configuration. This is due to the length mismatch between the active ribbons and the passive ribbon 

is totally recoverable. In the case with εoffset =2%, the energy barrier in the middle ribbon is too 

large to overcome. The tracked tip only travels a small distance and returns to the initial position 



 

101 
 

without snap-through behavior (Figure 6.5a). With εpre =0, the case with εoffset =1% shows the best 

performance in terms of forward snap-through. 

 
Figure 6.5 Snapshots of the actuators with (a) εpre =0, εoffset=2% and (b) εpre =1%, εoffset=2% (with 

2 V applied voltage). 

To enable reversible fast actuation, the effect of εpre is studied in Figure 6.4 d-e with fix 

offset ratio (εoffset =1%) and same constant voltage (2 V).  With the increase of εpre, the initial 

curvature of the bimorph increases. The snapshots in Figure 6.4d (εpre =2%) correspond to the 

tracked displacement and speed (blue curve) in Figure 6.4e and f. The heating process from 

snapshot ①-④ is similar to the case with εpre =0: a period of slow bending followed by an abrupt 

snap through. But during the cooling process (snapshot ④-⑤), the recovery displacement also 

shows a nonlinear trend. This can be explained by the introduction of initial curvature. When the 

active ribbons cool down, the elastic energy stored in the active ribbons is larger than the energy 

barrier caused by the offset of passive ribbon, which enabled a second snapping behavior (snap-

back). A speed of 7.7 mm/s is captured in Figure 6.4f during the snap-back. Figure 6.4e and f show 

that with increase of εpre, the snap-through and snap-back behaviors are triggered earlier with larger 

snapping speed. The maximum speed reached 36.8 mm/s in the case with εpre =2%. With further 
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increase of εpre, the temperature required for bending over exceeds the optimal functioning range 

of LCE.  

Figure 6.6 shows the actuation force measurement of the actuator with different εoffset and 

applied voltage. A Polyethylene terephthalate (PET) cantilever beam is set aside the tip of the 

actuator (Figure 6.6a). With voltage applied, the actuator pushes the PET beam downward until 

the system reaches equilibrium state. Through the deflection of the PET beam, we can calculate 

the output force of the actuator at different applied voltages. Figure 6.6b shows three cases with 

εoffset =0, 1%, and 2% while keeping the εpre=2%. With the increase of applied voltage, the actuation 

force increases nonlinearly. For each case, there is a jump of actuation force at 0.75 V, 1.25 V and 

1.75 V, respectively. These points represent the minimum voltage required for snap-through. After 

snap-through, the output force increases dramatically because the force contribution from the 

active ribbons can be fully exploited without sacrificing on the passive ribbon. In this study, a 

maximum output force of 46.5 mN is achieved which is 28.5 times of its self-weight. With further 

increase of εoffset, the energy barrier will be too large to overcome. (Figure 6.5b) 

                                             
Figure 6.6 Actuation force of the snap-through enabled bimorph thermal actuator. (a) 
Photographs of the actuator tested by pushing a PET cantilever beam. (εoffset =0 and 1%). (b) 
Actuation force of the actuator with increasing applied voltage (εoffset =0, 1%, and 2%). 
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Figure 6.7 shows the comparison of actuation force, peak bending speed, maximum 

curvature and input power of the snap-through enabled actuator with other reported soft bimorph 

actuators 65, 67, 194, 229-232. In Figure 6.7a, this work shows an order of magnitude faster peak speed 

(27.1 cm-1/s) compared with other actuators without instability design. The speed is comparable 

with our previous work with the same snap-through mechanism 67. However, this work shows a 

significantly larger actuation force (28.5, normalized by the self-weight) compared to our previous 

work with only AgNW/PDMS bimorph. Figure 6.7b shows the comparison of maximum curvature 

and input power. Due to the opposite thermal response between the bimorph layers, large shrinking 

rate of LCE, and high efficiency of AgNW heater, our actuator can reach a maximum curvature of 

2.84 cm-1 with only 0.21 mW/mm2. This performance shows the largest bending curvature and 

minimum input power compared with other listed soft bimorph actuators. 

   
Figure 6.7 Comparison of the snap-through enabled bimorph thermal actuator and other reported 
soft bimorph thermal actuators on (a) actuation force normalized by the self-weight and peak 
bending speed; (b) Maximum curvature and input power. 

To harness the fast speed of the snap-through mechanism for potential applications, we 

first demonstrated with a ruler drop test. The ruler drop test is a simple and common method for 

testing the reaction time of human 233 (Figure 6.8a). The reaction time is defined  by the elapsed 

time between stimulus onset and an individual's response on basic tasks. In this study, we designed 
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a simple circuit with two power sources connected in series and then connected to the actuator 

(Figure 6.8b). Before the ruler is dropped, only one power source is giving output voltage V1, 

while the other power source is short circuited by a switch. The switch is designed to be opened 

once the ruler is dropped, simultaneously the other power source connects to the circuit and 

increases the applied voltage on the actuator to V1+V2. Here we have set V1 to be extremely close 

to but before the snapping point of the actuator as shown in top view 1 in Figure 6.8c. Once the 

input voltage increases, the actuator snaps forward and pinches the ruler on the wall. The response 

time can be calculated through the travel distance of the ruler (neglecting the air friction). Here the 

score of the actuator is 135.5 ms which is much faster than the average score of a healthy human 

(~253 ms).  

  

Figure 6.8 Ruler drop test of the snap-through enabled bimorph thermal actuator. (a) Schematic 
showing the ruler drop test on human. (b) Circuit for ruler drop test of the actuator. (c) Photographs 
of the front view and top views of the process of ruler drop test.  
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To demonstrate the actuation force, we developed a crawling-bot that has two actuation 

modes for playing soccer game and a soft gripper. Figure 6.9a shows the soft crawling-bot (0.16 

g) and a “soccer” made by aluminum foil (3.8 g). The crawling-bot is made with the same three-

ribbon structure but with four extended limbs touching the ground. The front limbs (left two in 

Figure 6.9a) are shorter than the back limbs, which introduces an asymmetric distribution of 

friction forces during the locomotion. From snapshots of 0-14.8 s in Figure 6.9b, a low voltage of 

1 V is applied so that the actuator stays low deformation without snap-through behavior. But the 

output force during this period is large enough to push the “soccer” forward to the penalty point. 

Then a larger voltage (2V) is applied to trigger the snap-through of the actuator. A magnified view 

shown in Figure 6.9c shows the buckling in the passive ribbon. At 20.1s, the accumulated energy 

gets released and the front limbs snaps upward to kick the ball forward. From the speed and mass 

of the ball, we can estimate an output work of 4.75 μJ. Figure 6.9d shows a soft gripper enabled 

by two opposing actuators. As discussed above, εoffset largely affects the actuation force. Figure 

6.9e shows different capabilities with different εoffset applied. The gripper with εoffset =2% shows a 

maximum gripping weight of 4.5g. With further increase of εoffset, there is no snap-through because 

of the large energy barrier in the middle ribbon. 
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Figure 6.9 Soft crawling-bot and a soft gripper. (a) Schematic showing the soft crawling-bot and 
a “soccer” made by aluminum foil. (b) Snapshots of the crawling-bot dribbling and shooting the 
ball into a soccer goal. (c) Magnified view of the crawling-bot shooting the ball. (d) Snapshots of 
a soft gripper enabled by two actuators. (e) The gripping performance of the gripper with different 
εoffset.   
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6.4 Conclusions  

In summary, this work reported a novel approach to increase the speed and output force of 

soft thermal actuators, which has been a bottleneck limiting their application in soft robots. We 

designed and fabricated a bimorph thermal actuator with AgNW network as the heating material 

and PDMS/LCE as thermal responsive bilayers. A unique structure with snap-through instability 

was adopted to significantly increase the actuation speed and output force. The effect of offset 

ratio, prestrain of AgNW/PDMS layer were studied to improve the actuator performance. The 

actuator yielded a peak bending speed as high as 27.1 cm-1/s, an actuation force of 46.5 mN and 

low energy consumption of only 0.21 mW/mm2. A ruler drop test was performed to test the 

reaction time of the actuator and demonstrated the ultra-fast speed. Finally, we demonstrated the 

usability of the bimorph thermal actuator with a crawling robot for soccer game and a soft gripper. 

This snap-through mechanism reported in this work can be of great potential in soft actuators and 

robotics. 
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CHAPTER 7 Conclusions and Future Work 

7.1 Conclusions 

In conclusion, this dissertation investigated the mechanical design for stretchable 

conductors, stretchable strain sensors and soft robotics.  

The buckle-delamination structure for stretchable conductors was first introduced. A novel 

stretchable AgNW conductor was designed and fabricated with a highly conductive AgNW/PDMS 

composite film served as the conducting material while the periodic buckle delamination structure 

enabled excellent stretchability (demonstrated up to 100%). Due to the out-of-plane deformation 

as a result of the buckle delamination, the local strain in the AgNW/PDMS composite layer was 

significantly reduced. As a result, the resistance change of our stretchable conductor was within 

3% under a stretching to 100%. Geometry evolution of the delaminated buckles were captured in 

real time, which agreed well with the theoretical analysis. The potential applications of this 

stretchable conductor were demonstrated with an integrated sensor/conductor module and a color 

changing thermochromic device. The fabrication process for the reported stretchable conductor is 

simple and scalable. This work highlights the important relevance of mechanics-based design in 

nanomaterial-enabled stretchable devices.  

Then a AgNW/PDMS composite based strain sensor with simple mechanical cuts into the 

top surface was developed. Under the applied strain, the resistance increased as the crack 

propagated (the sensing range), but remained constant as the crack reached the cut length (the 

reversible range). Under further loading, the local strain in front of the crack tip would cause 

irreversible sliding in the AgNW network, leading to irreversible resistance change. The effect of 

the cut depth, cut length, and pitch between the cuts, were studied to optimize the sensor 

performances. This sensor overcame the limitation of most existing strain sensors and offered an 



 

109 
 

unprecedented combination of GF, strain sensing range and robustness (under over-strain and 

1,000 repeated loading cycles). A large GF of 290.1 was achieved with a sensing range over 22%. 

FEA was conducted to validate the electrical performance and predict the mechanical damage, 

agreeing very well with the experimental results. As demonstrations, the stretchable strain sensor 

was integrated into several systems for wearable monitoring of blood pressure and lower back 

health and 3D touch sensing that tracks both compressive and shear stresses simultaneously, 

illustrating the promising potential for a range of applications including personal human health 

monitoring, human-machine interfaces, and tactile sensing for robotics.  

In addition to conductors and sensors, we designed and fabricated a bimorph thermal 

actuator with AgNW/PDMS composite film as the heating material and exploited snap-through 

instability to significantly increase the actuation speed. The effect of BT doping in the 

AgNW/PDMS composite, offset displacement, and actuation frequency were studied to improve 

the actuator performance. The snap-through instability played a critical role in increasing the 

actuation speed. The actuator yielded a bending speed as high as 28.7 cm-1/s, 10 times that without 

the snap-through instability and >50 times faster than the highest reported in the literature. FEA 

was conducted to optimize the offset ratio and provide further insight into the snap-through 

mechanism. Finally, we demonstrated the usability of the bimorph thermal actuator with a fast-

moving soft crawling robot (1.04 BL/s) and a biomimetic Venus flytrap. This snap-through 

mechanism reported in this work can be extended to increasing the speed of other types of soft 

actuators and robots.  

Another LCE-based crawling robot that mimics the different locomotion modes of a 

caterpillar was proposed. The different actuation modes are controlled by joule heating of designed 

AgNW heating patterns. With designed heating patterns and switchable conducting channels, 
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different temperature and curvature distribution can be achieved, resulting in different frictions 

between the front and rear ends with the ground. FEA was conducted to model the friction 

mechanism of the locomotion modes, which agreed very well with the experimental results. The 

locomotion speed of the two crawling modes (forward and reverse) as a function of the applied 

current and frequency were characterized. To demonstrate the crawling robot for potential 

applications, we tested with a scenario of passing through a confined gap with limited space. The 

strategy of distributed heating and actuation with thermal responsive materials offers exciting new 

capabilities for smart and multifunctional soft robots. 

Finally, this work reported a combination of LCE with snap-through instability to increase 

the speed and output force of soft thermal actuators. We designed and fabricated a bimorph thermal 

actuator with AgNW network as the heating material and PDMS/LCE as thermal responsive 

bilayers. The effect of offset ratio, prestrain of AgNW/PDMS layer were studied to improve the 

actuator performance. The actuator yielded a peak bending speed as high as 27.1 cm-1/s, an 

actuation force of 46.5 mN and low energy consumption of only 0.21 mW/mm2. A ruler drop test 

was performed to test the reaction time of the actuator and demonstrated the ultra-fast speed. We 

demonstrated the usability of the bimorph thermal actuator with a crawling robot for soccer game 

and a soft gripper. This snap-through mechanism reported in this work can be of great potential in 

soft actuators and robotics. 
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7.2 Future Work 

 Soft robots have been intensively studied during the last decade. New materials and 

strategies  have been widely reported. Despite these exciting new progress, electrothermal 

actuation  still possess great potential due to programmable operation,179 lightweight, low actuation 

voltage, being electrolyte-free, and potential for untethered operation (e.g., via wireless 

charging).59, 180  

Using nanomaterials for electrothermal actuation provides extra advantage of distributed 

and programmable heating. As mentioned in the introduction, many stretchable designs including 

3D-popup structures, origami and kirigami structures have been developed for actuators.82, 97 

However, the stimuli provided by hot plate or magnetic field is generally uniform and non-

programmable, which largely limited the potential of deformation modes. Combining innovative  

structures with distributed, programmable heating can break new ground and explore more 

complicated actuation modes for soft robots. 

Another advantage of nanomaterials enabled thermal actuators is the self-sensing property 

of the conducting materials itself. AgNWs can function as the heater and temperature sensor 

simultaneously. A kirigami design based biaxially stretchable heater has been reported with 

feedback control system for accurate temperature control.50  In future development of soft 

electrothermal actuators, nanomaterials like AgNWs can serve as actuator and sensor 

simultaneously without other redundant controlling systems.  

With recent progress of instability enabled soft robots. There is great potential for 

combining electrothermal actuation with structural instabilities. Most reported instability designs 

are composed of either thin film, membrane, or shell structure which mostly provides bidirectional 
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deformation. For more complicated multi-stable structures, the electrothermal actuation could 

offer  greater  tunability  and  the  possibility  to  encode  high-level  soft  robotic  motions. 
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