
 
 

ABSTRACT 

CAO, YANG. Fabrication, Control, and Applications of Programmable Soft Electrothermal 

Actuators. (Under the Direction of Dr. Jingyan Dong). 

 

Soft actuators are widely studied due to their high flexibility and adaptability. This study 

reports a new cost-effective approach to fabricate soft electrothermal actuators. Polyimide (PI) and 

polydimethylsiloxane (PDMS) were selected as the two structural layer materials due to their large 

difference in coefficient of thermal expansion (CTE). Embedded in between these two layers, a 

metallic microfilament heater made of a low-melting-point alloy (Bi58/Sn42) was directly printed 

using the electrohydrodynamic (EHD) printing process. The pattern of the microfilament heater 

and the thickness of the structural layers were carefully designed towards improved actuation 

capability. The fabricated electrothermal actuator was characterized on its heating and bending 

performance. It can achieve a maximum bending curvature of 1 cm-1 under an extremely low 

voltage about 3 V. 

Closed-loop control of soft actuators is critical for high precision applications, due to the 

nonlinear relationship between actuation voltage and output bending motion. Meanwhile, 

operation of soft electrothermal actuators usually has a long transient time and is susceptible to 

external environment variations. In this dissertation, a resistive self-sensing approach was 

developed to enable the closed-loop control of the actuator without external sensors. To 

accommodate the different response characteristics of the actuator in the heating and cooling stages, 

a switching proportional–integral–derivative (PID) control algorithm was designed. Specifically, 

two sets of control parameters were tuned and used for the heating and cooling stages, respectively. 

The performance of the designed control algorithm was evaluated for setpoint tracking, step 

response, wave signals tracking, and disturbance rejection. Compared with the open-loop 



 
 

operation, the closed-loop controlled actuator demonstrated much more rapid and accurate 

response, and excellent tracking and disturbance rejection capabilities. 

Finite element analysis (FEA) is the simulation of physical phenomena using a numerical 

mathematic technique. Our electrothermal actuator is an electric-thermal-mechanical coupled 

multiphysical system. FEA is a powerful tool to simulate and analyze the actuation process and 

the relationship between supply voltage, temperature distribution, and bending deformation. Due 

to its high nonlinearity, simulation of elastic materials is much difficult than the conventional rigid 

structures. Nonlinear adaptive region and semi-implicit solving techniques were used to overcome 

the convergence difficulties. FEA software ANSYS was then successfully utilized for the thermal 

and deformation analysis of the electrothermal actuator. 

In recent years, there has been an increasing interest in the research of soft actuators that 

exhibit complex programmable deformations. Complex programmable deformations of soft 

electrothermal actuators are difficult due to the limitations of conventional fabrication methods. 

The direct patterning capabilities of EHD printing allows free-form design of the heater. By 

changing the design of the heater pattern on the actuator, different heat distributions can be 

achieved and utilized to realize complex programmable deformations, including uniform bending, 

customized bending, folding, and twisting. FEA was used to validate the thermal distribution and 

deformation for different actuator designs. 

Finally, the soft electrothermal actuators were demonstrated for various biomimetic 

applications, including a soft lifter, soft grippers, a two-degree-of-freedom soft robot arm, and soft 

walkers.
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Unlike traditional mechanical devices, soft actuators and robotics are built with highly 

resilient materials (usually, polymer or polymeric composites), similar to those found in living 

organisms. As a result, soft actuators can easily deform and adapt to changing environments. 

Compared with their conventional counterparts, soft actuators are lightweight, can easily achieve 

multi-degree-of-freedom motion, and have high load-to-weight ratio. These characteristics give 

them great potential to be used in many applications, including soft robotics [1], drug delivery [2], 

artificial muscles [3, 4], and so on. 

Soft actuators deform and change their shapes when exposed to external stimuli, such as 

electricity, magnetic field, chemical, heat, light, pressure, etc. Depending on the type of stimuli, 

soft actuators can be classified into electrically responsive actuators, magnetically responsive 

actuators, chemically responsive actuators, thermally responsive actuators, photo responsive 

actuators, and pressure driven actuators [5]. The energy of soft thermal actuators comes from 

different sources, such as electricity or light, corresponding to electrothermal actuators and 

photothermal actuators, respectively. Electrothermal actuators usually have a conductive layer as 

the heater to provide necessary Joule heat for actuation, while photothermal actuators are based on 

light-thermal conversion using the light absorbing materials such as graphene or graphene oxide. 

Electrothermal actuators are usually fabricated in a bimorph structure with two layers that have 

significantly different coefficient of thermal expansion (CTE). When exposed to temperature 

change from thermal energy, the large thermal expansion mismatch between the two layers makes 

the bimorph structure to bend. A conductive path of the electrothermal actuator provides Joule 
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heat as the stimulus for actuation when actuated by a given voltage. The resulting temperature 

change drives the actuator to bend. 

There are numerous ways to fabricate electrothermal actuators, while the major difference 

lies in the conductive layer: materials and fabrication methods. Three factors need to be considered: 

a) The conductive layer should not add too much stiffness to the actuator, which will adversely 

affect its actuation and flexibility; b) The conductive layer needs to have an appropriate electrical 

resistivity so that the actuation voltage and current will not be over high; and c) A feasible method 

to deposit conductive materials on the polymer structural films. These three requirements are 

extremely hard to be fulfilled by a conventional material. For this reason, most existing research 

used expensive nano materials like carbon nanotubes [6-8], silver nanowires [9-11], graphene [12-

15], etc. in the fabrication of soft electrothermal actuators. The main reason is that those materials 

can be easily used as a solution to be coated as a thin conductive film. 

In this study, we developed an innovate method to fabricate soft electrothermal actuators 

– electrohydrodynamic (EHD) printing. Assisted by its high-resolution, wide range of printable 

materials, as well as direct and free-form patterning capabilities, it is easy to overcome the above 

fabrication difficulties. We used a very cheap low melting point alloy Bi58/Sn42 (58% Bismuth, 

42% Tin) as the printing material. By printing a fine microscale filament, the heater’s bending 

stiffness can be reduced to an acceptable level. Bi58/Sn42 has a relatively high electrical resistivity 

of 34.5 μΩ-cm. The resulting heater filament has an electrical resistance about 5-10 Ω, which can 

be actuated using an appropriate voltage and current. 

Another advantage of this directly printed metallic filament heater is that it can be utilized 

to sense the actuator’s deformation, as the deformation is due to temperature change which can be 

detected by the heater’s electric resistance. Closed-loop operation of soft actuators is critical for 
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high-precision applications. By measuring the real-time electric resistance of the embedded heater 

filament, we are able to detect the actuator’s bending curvature. Based on this self-sensing 

mechanism and appropriate control techniques, the closed-loop operation of the soft electrothermal 

actuator can be achieved. 

Meanwhile, the direct patterning capabilities of EHD printing allow free-form design of 

the embedded heater. By changing the design of the heater pattern, different heat distributions can 

be created and utilized to realize complex programmable deformations, including uniform bending, 

customized bending, folding, and twisting. This is not easy for other soft electrothermal actuators 

reported due to the limitations of conventional fabrication methods. 

1.2 Research Objectives 

The overall objective of this dissertation is to develop a new method to fabricate soft 

electrothermal actuators, to accurately control their bending curvature, to realize complex 

programmable deformations, and apply them for soft robotic applications. The following part 

discusses the detailed objectives as well as the approach to solve them. 

1) Explore the printing technology of low melting point alloys 

The EHD printing technology can be used for a wide range of materials, such as low 

melting point alloys, solution of silver nanowires, carbon nanotubes, and graphene, etc. We 

selected a low melting point alloy Bi58/Sn42 for its low-cost, appropriate melting point, and 

relatively high electrical resistivity among most solders. Even though the printing technology and 

parameters for various materials have been studied, Bi58/Sn42 has never been reported for EHD 

printing uses. It is critical to experimentally optimize the printing parameters, including printing 

temperature, printing voltage, pneumatic pressure, printing speed and nozzle-substrate standoff 

distance. 
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2) Fabrication and characterization of the electrothermal actuator 

PI and PDMS were selected as the structural materials for the soft electrothermal actuator, 

due to their large difference in CTE. A fabrication process needs to be explored to make the 

sandwich structured PI/Bi58/PDMS electrothermal actuator. The heater pattern and structural film 

thickness need to be carefully designed for optimized bending actuation. Due to the addition of an 

embedded heater layer, our fabricated actuator is largely different from traditional bimorph 

actuators. A theoretical model needs to be built to predict the actuator’s bending deformation. Also, 

the heating and bending performance of the electrothermal actuator need to be characterized 

experimentally. 

3) Self-sensing control of the electrothermal actuator 

Closed-loop control of soft actuators is a critical but rarely studied area. One inherent 

drawback of electrothermal actuators is the nonlinear and complex relationship between the 

actuation voltage and the resulting bending curvature. Moreover, due to the low stiffness structure 

and long thermal time constant, the open-loop operation of soft electrothermal actuators usually 

has a long transient time and is susceptible to external environment variations. Therefore, the 

closed-loop control is critical to improve the performance of soft actuators for high precision and 

dedicated applications. Compared with closed-loop control with external sensors, self-sensing 

control integrates the actuation and sensing functions together, which largely simplifies the 

complexity of the control system. We need to build the dynamic model of the electrothermal 

actuator, find a feasible self-sensing mechanism, and develop a control system and algorithm for 

the feedback control of the electrothermal actuator. 

4) Complex programmable deformations of the electrothermal actuator 
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Most reported electrothermal actuators can only generate a uniform curvature bending. 

Assisted by the direct and free-form patterning capabilities of EHD printing, we are able to print 

different heater pattern designs. An evenly distributed heater filament generates a homogeneous 

heating area that leads to uniform bending. A heater pattern with changing line spacing can create 

a temperature gradient, which leads to customized bending. A heater pattern distributed only in 

the middle section of the actuator results in localized heating and hence folding deformation. A 

skewed heater pattern can also be printed, which creates a parallelogram high temperature zone 

that leads to coupled bending and twisting deformation. 

5) FEA simulation of the electrothermal actuator 

Our fabricated electrothermal actuator is a complex electric-thermal-mechanical coupled 

multiphysical system. FEA simulation is useful for the thermal analysis and deformation analysis 

of the electrothermal actuator. However, several difficulties need to be overcome. Firstly, the 

actuator has a microscale heater filament, whose dimensions are much smaller than the actuator’s 

overall size, which brings difficulties to the meshing process. Secondly, our electrothermal 

actuator is generally made of elastic materials, can generate large deformation when heated. Due 

to its high nonlinearity, simulation of elastic materials is much more difficult than the conventional 

rigid structures. In this dissertation, we will use ANSYS for the electric-thermal-mechanical 

multiphysics simulation to obtain the temperature distribution and deformation profile of the soft 

electrothermal actuator. 

6) Apply the electrothermal actuator for biomimetic applications 

Due to their high flexibility and adaptability, electrothermal actuators have great potential 

to be used for soft robotic applications. In this dissertation, we applied the fabricated 

electrothermal actuators for a soft lifter, soft grippers, a two-degree-of-freedom soft robot arm, and 
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soft walkers. They can be used for applications that interact with fragile or delicate objects that 

cannot be handled by the conventional rigid devices. 

1.3 Dissertation Outline 

This dissertation is composed of nine chapters. Chapter 2 is the literature review which 

covers the major types of soft actuators. Chapter 3 introduces the EHD printing system, and 

presents the design, fabrication, and characterization of the electrothermal actuator. Chapter 4 

discusses the self-sensing control of the electrothermal actuator. Chapter 5 presents the study on 

the twisting deformation of the electrothermal actuator. Chapter 6 explains the process for the 

multiphysics simulation of the electrothermal actuator. Chapter 7 focuses on the programmable 

deformations of the electrothermal actuator. Chapter 8 demonstrates the electrothermal actuators 

for various biomimetic applications. Chapter 9 summarizes the research work and contributions, 

and discusses the potential future research directions. 

1.4 Chapter Summary 

This chapter discusses the research motivations of developing a new approach to fabricate 

soft electrothermal actuators. It is cost-effective and capable of achieving self-sensing control and 

complex programmable deformations. The main research objectives are detailed in the following 

section. The outline of this dissertation is presented at last.  
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CHAPTER 2: OVERVIEW OF SOFT ACTUATORS 

2.1 Electrically Responsive Actuators 

Electrically responsive actuators are actuators that can convert electrical energy to 

mechanical energy. Electrically responsive soft actuators are generally based on electroactive 

polymers (EAPs), which exhibit a change in size or shape when stimulated by an electric field. 

EAPs can be divided into two principal classes: dielectric and ionic. 

Actuation of dielectric EAPs is caused by the electrostatic force between the two electrodes. 

Dielectric EAPs are fundamentally a polymer capacitor that changes its capacitance by 

compressing in thickness and expanding in area when a voltage is applied. This type of EAP 

typically requires a large actuation voltage to produce high electric fields, but has very low 

electrical power consumption, and requires no power to keep the actuator at a given position. 

Examples are electrostrictive polymers and dielectric elastomers. 

One of the most widely studied electrostrictive polymers is polyvinylidene fluoride 

(PVDF), as well as its copolymers and terpolymers. In 1969, strong piezoelectricity was observed 

in PVDF, with its piezoelectric coefficient of poled thin films being 10 times larger than that 

Figure 2.1 Illustration of the actuation mechanism of a PVDF based trilayer actuator [17]. 
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observed in any other polymers [16]. Piezoelectricity is a property exhibited by some materials 

that accumulates electrical charge resulting from an applied mechanical force. It is also reversible 

that a mechanical strain can be generated in response to an applied electric field, which is the 

mechanism that PVDF is used for electrically responsive actuators. Figure 2.1 shows the actuation 

mechanism of a PVDF-based trilayer actuator. Both sides of the actuator are coated with 

polypyrrole (PPy) as electrodes. When a voltage is applied across the actuator, the PPy on the 

anode side is oxidized while that on the cathode side is reduced. The oxidized layer absorbs anions 

and expands, while the reduced layer gives up anions and contracts. The differential expansion 

thus leads to bending of the actuator [17]. Perez et al. [18] fabricated a PVDF based bimorph 

actuator for high-speed laser beam manipulation. A compact mirror was placed at the tip of the 

PVDF bimorph actuator allowing scanning of the beam in two directions. Experimental results 

indicated that the PVDF actuator responded conveniently to manipulate the laser beam at kHz 

frequency. Wu et al. [19] reported a pre-curved PVDF based soft inchworm actuator that have 

large curvature changes under a relatively low driving voltage (200 V), and is able to crawl with a 

moving speed up to 1.9 mm/s on a rough surface. Copolymers and terpolymers of PVDF are also 

attractive materials for electroactive actuators [20]. In article [21], a comparison between PVDF 

and poly(vinylidenefluoride-co-trifluoroethylene) P(VDF-TrFE) films in terms of deposition 

conditions and their effect on the piezoelectric response is presented. Engel et al. [22] fabricated a 

self-sensing electroactive polymer bimorph actuator. The tip deflection of the actuator is sensed 

by the voltage measured across the bimorph’s integrated layer of PVDF. The actuation layer is 

based on a PVDF terpolymer polyvinylidene fluoride-trifluoroethylene chlorotrifluoroethylene 

(P(VDF-TrFE-CTFE)). The actuator reached a magnitude of 350 μm under an electric field of 

about 55 MV/m. Shklovsky et al. [23] fabricated a near fully polymeric electroactive actuator 
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based on P(VDF-TrFE-CFE). The active layer is a thin P(VDF-TrFE-CFE) layer squeezed 

between polyaniline (PANI) electrodes, and the passive layer is a polyimide substrate. 

Compared with the small deformations of electrostrictive polymers, dielectric elastomers 

can produce much larger strains. Figure 2.2 shows the driving mechanism of the dielectric 

elastomer actuator. Applying a voltage difference across the stretchable electrodes causes a 

squeeze as the stretchable electrodes pull against each other. This squeeze contracts the actuator 

in the thickness direction and expands it in the plane direction due to the incompressibility of the 

rubber [24]. Because all dielectrics experience this electrostatic stress, a great many polymer 

materials can be utilized as dielectric elastomer actuators. The most successful materials have a 

relatively low modulus of elasticity and can sustain high electric fields. These materials include 

commercially available formulations of silicone rubber polydimethylsiloxane (PDMS) and acrylic 

elastomers [25]. Jun et al. [26] developed an electroactive haptic interface utilizing soft elastomer 

actuators. The electroactive layer was fabricated by blending PDMS and Ecoflex prepolymer. By 

properly adjusting the applied electrical stimuli, it was possible to control the heights of the void 

regions of the electroactive layer to different levels, thus producing various active surface textures. 

Nicolau-Kuklińska et al. [27] fabricated a dielectric elastomer actuator made of PDMS, multi-

Figure 2.2 Driving principle of the dielectric elastomer actuator [24]. 
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walled carbon nanotubes, and carbon grease. The largest deformation of 47% was obtained for 

electrodes made of 2 wt% of multi-walled carbon nanotubes and 20 wt% of carbon grease. Lau et 

al. [28] fabricated a multilayer acrylic dielectric elastomer actuator coated with silicone gel. The 

gel coating helps suppress the electro-thermally induced puncturing of DEA membrane at the hot 

spot and enables the DEAs to produce 30% more isometric stress change as compared to those 

none-coated. Thermoplastic polyurethane (TPU) has also been used as material for dielectric 

elastomer actuators. Gonzalez et al. [29] fabricated a dielectric electroactive polymer actuator 

using 3D printing technology. TPU was fused deposition modeling (FDM) printed as EAP 

actuators. Under a supplied voltage about 5 kV, the actuators exhibited around 5% area expansion. 

Figure 2.3 Working principle of an IPMC actuator: (a) before applying an electric field; (b) 

after applying an electric field [32]. 

 

(a) (b) 
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In ionic EAPs, actuation is caused by the displacement of ions inside the polymer. Only a 

few volts are needed for actuation, but the ionic flow implies a higher electrical power needed for 

actuation, and energy is needed to keep the actuator at a given position. Examples of ionic EAPs 

are ionic polymer-metal composites (IPMCs), conductive polymers and carbon nanotubes [30]. 

IMPC is garnering growing interest for ionic artificial muscle, soft actuators and sensors 

due to its inherent properties of low weight, flexibility, softness, and particularly, efficient 

transformation of electrical energy into mechanical energy, with large bending strain response 

under a low activation voltage [ 31 ]. Figure 2.3 shows an IPMC strip actuator, which is a 

combination of a thin membrane coated by two metallic plates on both sides. Under the stimulus 

of a relatively low electric field (2–3 V) through the thickness of an IPMC, its internal hydrated 

cations will flow toward the cathode. This transportation leads to inflation in the cathode side and 

causes a bending response of the IPMC as shown in Figure 2.3 (b) [32]. Nakshatharan et al. [33] 

developed a self-sensing ionic electroactive polymer actuator based on IPMC. As IPMC also 

exhibits sensorial behavior by generating a small electrical potential on the application of 

mechanical force, the actuator integrated sensing and actuation, and shown excellent control and 

tracking accuracy. 

Nafion is a brand name for a sulfonated tetrafluoroethylene based fluoropolymer-

copolymer discovered in the late 1960s. Nafion's unique ionic properties are a result of 

incorporating perfluorovinyl ether groups terminated with sulfonate groups onto a 

tetrafluoroethylene (PTFE) backbone [34 ,35 ]. As an ionic conductive polymer, Nafion has 

received considerable attention as EAP actuators. Ru et al. [36] developed an ionic EAP actuator 

based on Nafion/EMImBF4 (50 wt% and 50 wt% composite). Under a 4 V voltage, the actuator 

reached a 1.26% strain and 5.27 MPa stress, and also demonstrated excellent electromechanical 
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controllability and durability. Palmre et al. [37] developed an EAP actuator that has a Nafion 

electroactive layer, and carbon aerogel electrodes. At 2 V voltage, the carbon aerogel activated 

and non-activated actuators displayed a maximum strains of 1.2% and 1.3%, respectively. 

CNTs and other nanoparticles or nanofibers represent emerging materials that used as a 

filler in polymeric matrix to form an electroactive polymer. Melvin et al. [38, 39] found that by 

including CNTs as the filler for polyurethane (PU), the electrical properties of the films improved 

significantly. The PU/CNTs film bends toward the cathode when an electric field was applied, and 

it reverted to its original position when the electric field was removed. Mazzoldi et al. [40] 

fabricated an electroactive carbon nanotube actuator by mixing carbon nanotubes with polyvinyl 

alcohol (PVA) and polyallylamine (PAA). The fabricated actuator reached an electro-mechanical 

conversion efficiency of about 0.2 μm/mV. Yan et al. [41] fabricated an electroactive ionic soft 

actuator based on electroactive ionic gel/metal nanocomposites that produced by implanting 

supersonically accelerated neutral gold nanoparticles into a novel chemically cross-linked ion 

conductive soft polymer. Ebadi et al. [42] fabricated an electroactive actuator based on conductive 

polymer. A nanofibrous conductive polymer layer was fabricated by polyurethane/polypyrrole 

(PU/PPy), through electrospinning and in-situ chemical polymerization, respectively. The 

fabricated actuator was capable of undergoing 141 ° reversible angular displacement during a 

potential cycle. 

2.2 Magnetically Responsive Actuators 

Magnetically responsive soft actuators usually involve the incorporation of magnetic 

particles and/or ferrofluid into polymer matrices. Such actuators have been realized across a wide 

range of soft polymers, such as PDMS [43, 44], Ecoflex [45], rubbers [46] and polyurethanes [47]. 

When these actuators are subjected to an external magnetic field, the embedded magnetic particles 
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try to align with the fields, and generate forces and deflections. The generated forces and 

deflections are affected by the diameter, thickness, and concentration of magnetic fillers [48]. As 

magnetic fields can penetrate through a wide range of materials, these magnetic actuators are ideal 

candidates for working in enclosed spaces like drug delivery and microsurgery within the body 

[49]. Another advantage of magnetically responsive actuators is that their response is relatively 

fast compared to other kinds of soft actuators, with demonstrations up to 100 Hz presented [43]. 

The shortcomings of magnetically responsive actuators are that they need large external magnetic 

coils and have high power consumption. 

Elastomer films containing chained magnetic microparticles were developed by Schmauch 

et al. [50]. By changing the structure and orientation of the polymer films, and strength and 

direction of the applied magnetic field, they were able to demonstrate applications as different soft 

actuators, including a cantilever lifter, an accordion structure, a valve, and a peristaltic pump as 

shown in Figure 2.4. Fuhrer et al. [51] dispersed carbon-coated cobalt nanoparticles (C/Co) into a 

polymer matrix poly(2-hydroxyethyl methacrylate), resulting in an ultra-flexible, yet strong 

magnetic actuator. Yamanishi et al. [52] developed a magnetically driven soft micro actuator by 

Figure 2.4 An elastomer film containing magnetic microparticles as well as its applications as 

a lifter, accordion, valve, and pump [50]. 
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suspending magnetite (Fe3O4) particles in PDMS. The actuators demonstrated great potentials as 

microtools for bio-applications, due to their non-intrusive and non-contamination natures. 

Taniguchi et al. [53] developed a magnetic responsive soft actuator by mixing magnetic fluid with 

silicone rubber. The rubber actuator can be driven by several electromagnetic coils to move as a 

flexible walking robot. Ji et al. [ 54 ] developed a magnetic resin by incorporating Fe3O4 

nanoparticles into flexible 3D printing resins, and used it to fabricate arbitrary-shape soft magnetic 

actuators by digital light processing (DLP). DLP 3D printing enables the free assembly 

manufacturing of actuators with complicated architectures to achieve bending, deformation, cargo 

transportation, and so on. 

2.3 Chemically Responsive Actuators 

The transformation of chemical energy into mechanical energy is called chemomechanical 

motion. Chemically responsive actuators are a rather broad category. The stimulus, in the form of 

liquid or vapor, typically involve some chemical reactions, swelling or shrinking due to pH level 

change in the surrounding environment, or simply water or moisture induced volumetric change. 

Chemically responsive shape memory polymers (SMPs) have gained considerable 

attention in the past decade, especially in the field of medical applications. Similar to thermal-

induced SMPs, chemical-induced SMPs have an original shape, and can be bent to a temporal 

shape. After immersing in a chemical solution, they can recover their original shapes. Chemical-

induced SMPs usually have a long response time, varying from hours to days, and are 

nonreversible if only rely on chemical reactions. For instance, Dong et al.  [55] prepared a redox-

induced SMP by crosslinking β-cyclodextrin modified chitosan (β-CD-CS) and ferrocene modified 

branched ethylene imine polymer (Fc-PEI). The resulting β-CD-CS/Fc-PEI contains two 

crosslinks: reversible redox-sensitive β-CD-Fc inclusion complexes serving as reversible phases, 
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and covalent crosslinks serving as fixing phases. This material can be processed into temporary 

shapes as needed in the reduced state and recovers its initial shape after oxidation. Yasin et al. [56] 

prepared a ferric-phosphate induced shape memory hydrogel by the one-step copolymerization of 

isopropenyl phosphonic acid (IPPA) and acrylamide (AM) in the presence of a crosslinker 

polyethylene glycol diacrylate (PEGDA). The shape memory hydrogel can be processed into 

various shapes as needed and recovers to its original form in ‘multiconditions’ such as a reducing 

agent erythorbic acid solution or a competitive complexing agent ethylenediamine tetraacetic acid 

disodium salt (EDTA·2Na) solution. 

Vapor or solvent absorption induced volumetric change can also serve as an actuation 

mechanism for chemically responsive actuators, and often has a rapid response speed. Zhao et al. 

[57] fabricated a porous polymer actuator that bends in response to acetone vapor (as shown in 

a 

e 

Figure 2.5 (a) Actuation mechanism of the porous membrane actuator. (b) SEM morphologies 

of the membrane actuator: general view (b, scale bar 30 μm); top surface (c, scale bar 3 μm); 

and cross-section (d, scale bar 1 μm). (e) Actuation of the membrane actuator when placed in 

acetone vapor [57]. 
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Figure 2.5). When placed in acetone vapor (24 kPa, 20 °C), the flat membrane bent quickly into a 

closed loop in about 0.1 s. Due to the gradient in the degree of electrostatic complexation along 

the membrane cross-section, the bottom surface region is more solvated by acetone compared with 

the top. As such, the local solvent osmotic pressure increase leads to more swelling of the bottom 

layer, and the membrane bends towards the top side. Lee et al. [58] developed a microgel actuator 

that bends as one side with microfluidic channels swells in applying of acetone solvent, and jumps 

due to elastic instability, i.e. snap-buckling in the de-swelling process when the solvent in the 

microfluidic channels evaporates. 

Besides, Belousov-Zhabotinsky reaction (BZ reaction) is also a notable mechanism for 

chemically responsive actuators [59-61]. Polymers and gels undertaking BZ reaction can produce 

a self-oscillating motion which can be utilized as soft actuators and robotics. 

Researchers also found some polymers [62]  and hydrogels [63] that exhibit swelling or 

shrinking depending on the level of pH in the surrounding fluid. Soft actuators based on this 

mechanism are considered especially useful for medical and biological applications, where other 

stimuli such as heating and light can be hard to apply, but physiological pH values exist naturally. 

According to study by Lee et al. [64] and Choe et al. [65], polyacrylonitrile (PAN) fiber exhibits 

diameter and volume change when subjected to a pH activated solution environment. PAN fiber 

contracts when exposed to a low pH environment and expands when exposed to a high pH 

environment. Park et al. [66] fabricated a pH-responsive hydrogel microsphere based on 4-

hydroxybutylacrylate and acrylic acid. The microsphere shrinks when pH level is low (acidic 

solution) and swells when pH level is high (basic solution). Employing this hydrogel microsphere, 

a microfluidic valve has been successfully developed by researchers. Dong et al. [67] fabricated 

liquid microlenses whose focal length can be adjusted through the shape changing of the lens by 
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the surrounding temperature or the pH value of the solution. The pH-sensitive hydrogels are based 

on acrylic acid and 2-(dimethylamino)ethyl methacrylate. By introducing pyridine rings into the 

backbone of polyurethane, Chen et al. [68] synthesized a pH-sensitive shape memory polymer 

which has been demonstrated to be used for drug delivery. Ye et al. [69] fabricated silk based self-

rolling and unrolling biopolymer microstructures that respond to pH value. They can self-roll into 

distinct 3D structures including microscopic rings, tubules, and helical tubules. 

As a biocompatible and safe stimulus, water or moisture can also be used to actuate 

chemically responsive actuators [70, 71]. Ma et al. [72] developed a polypyrrole (PPy) based 

water-responsive polymer film that can exchange water with the environment to induce film 

expansion and contraction, resulting in rapid and continuous locomotion. A generator was 

assembled by associating this actuator with a piezoelectric element, which can output alternating 

(a) (b) 

(c) 

Figure 2.6 Actuation of a humidity-responsive liquid crystalline polymer actuator: (a) 

Schematic representation of the bending behavior. (b) Folding behavior. (c) Curling behavior 

[74]. 
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electricity at about 0.3 Hz, with a peak voltage of about 1 V. Dai et al. [73] developed a humidity-

responsive bilayer actuator that consists of an oriented polyamide-6 substrate and a liquid-

crystalline polymer coating. The liquid-crystalline polymer consists of a supramolecular network 

having hydrogen-bonded entities that, after activation with an alkaline solution, exhibits 

deformation in response to a change in humidity. Haan et al. [74] fabricated a liquid crystalline 

polymer based humidity responsive actuator. By selective actuation and alignment direction of the 

activated layer, the actuator was able to realize bending, folding, and curling operations (as shown 

in Figure 2.6). Ma et al. [75] fabricated a polyelectrolyte multilayer soft walking device that can 

be activated by an alternating relative humidity between 11% and 40%. By coating a spore layer 

on polyimide tape, Chen et al. [76] were able to fabricate humidity driven artificial muscles, which 

are further assembled into evaporation-driven engines. 

2.4 Thermally Responsive Actuators 

Using heat as the stimulus, thermal actuators are usually fabricated with a bimorph 

structure with two layers that have significantly different coefficient of thermal expansion (CTE). 

When exposed to temperature change from thermal energy, the mismatch of thermal expansion 

between the two layers cause the actuator to bend. Although heat can be the direct stimulus for the 

motion of thermal actuators [77-82], it is not a convenient way. Instead, most thermally responsive 

actuators are based on electro-thermal or photo-thermal conversion, corresponding to 

electrothermal actuators and photothermal actuators, respectively. Electrothermal actuators either 

have an embedded heater or have one of the structural layers being conductive and actuating as 

the heater. With applied electrical energy, the generated Joule heat drives the actuator. Similarly, 

for photothermal actuators, an active layer containing light-absorbing nanomaterials absorbs and 

converts light into heat, and produces the deformation of the bimorph structure. 
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Soft bimorph electrothermal actuators usually involve non-conductive polymers as the 

structural layers for large deformation, and conductive paths as the resistive heater. Figure 2.7 

shows the structure and actuation mechanism of a typical electrothermal actuator, in which PDMS 

and PI serve as the structural layers, and CNT/Ag nanowires coated fabric serves as the conductive 

heater layer [10]. To achieve soft conductive path, conductive materials/fillers (e.g. carbon 

nanotubes, metal nanowires, etc.) are often mixed with polymer matrices to form conductive 

composites with tailored conductivity and CTE. Carbon nanotubes (CNTs) and graphene are 

widely used materials for soft actuators. A multi-walled CNT/polymer composites electrothermal 

actuator was reported to achieve a curvature up to 0.29 cm-1 under a low voltage of 7 V [6]. By 

(a) 

(b) 

Figure 2.7 (a) The typical structure of an electrothermal actuator. (b) Schematics and images 

of the actuation process [10]. 
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impregnating epoxy resin into the multi-walled CNT monolithic sheet, a composite with a negative 

CTE was produced [7]. After combining with an aluminum foil as the second layer, the fabricated 

electrothermal actuator with a length of 16 mm showed a 10 mm bending displacement under 6 V 

DC voltage. Polydimethylsiloxane (PDMS) as a silicon-based polymer has a relatively large CTE 

(linear CTE = 320 × 10-6 C-1 [83]). After embedding super-aligned CNT into PDMS matrix, it was 

observed that the CTE of the CNT-PDMS composite has been remarkably reduced [8], from which 

a CNT-PDMS composite/PDMS bimorph electrothermal actuator was fabricated and tested. 

Similarly, due to its extremely low resistivity and unique negative CTE [84], graphene has 

attracted great interests in applications for thermal or electrothermal actuators [12,13]. Taking the 

advantage of the negative CTE from graphene and large positive CTEs from polymers (e.g., PDMS, 

PVDF, polypropylene), thermal actuators with large actuation effect and quick actuation response 

were designed and fabricated [14, 15, 85], which have been applied in soft robotics applications. 

Besides carbon-based fillers, nanowires have also been used as conductive fillers to fabricate 

nanowire composites, which were used to fabricate the resistive heater in soft actuators [9, 86, 87] 

due to their high flexibility and conductivity. Other adopted materials include thermal expansion 

microspheres (TEMs) [88], polypyrrole (PPy) [89], and printing papers [90]. 

Besides electrothermal actuators, photothermal actuators are based on light-thermal 

conversion using the light absorbing materials, such as graphene or graphene oxide. Near infrared 

(nIR) radiation is widely used to fabricate nIR-responsive actuators, since nIR light can penetrate 

well into most biomaterials and is much safer than UV light. Graphene nanoplatelets (GNPs) based 

photothermal actuators were fabricated [91, 92] by mixing GNP with PDMS as the photo-active 

layer. When exposed to nIR light, the GNPs absorb and convert the radiation energy to heat, hence 

bend the designed bimorph structures. Graphene oxide (GO) [93] or reduced graphene oxide (RGO) 
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[94-96] were also used in nIR-responsive photothermal actuators for the applications in walking 

devices, remote assembly, and sunlight-driven smart curtains. 

2.5 Photo Responsive Actuators 

Photo responsive actuators, also known as photomechanical actuators, convert light energy 

directly into physical motion. Note that this is different from photothermal actuators, which use 

heat as the intermediary for heat-induced motions. Light-induced soft actuators are compelling 

because it can be remotely and accurately controlled, usually by varying the wavelength and 

intensity of the light. Actuation of photo responsive actuators is due to a chemical process called 

photoisomerization. Photoisomerization is the process by which one molecule, induced by 

(a) 

(b) (c) 

Figure 2.8 (a) Transformation of trans/cis isomeric azobenzene. (b, c) The schematic diagrams 

of gripper opened by UV light and closed by white light [97]. 
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photoexcitation, is transformed into another molecule which has exactly the same atoms, but a 

different arrangement. Figure 2.8 shows the photoisomerization process of azobenzene when 

irradiated by ultraviolet (UV) light and visible light, as well as a gripper based on that [97]. To 

enable light-driven actuation, the soft actuators are filled with photosensitive fillers such as 

azobenzene [98], diarylethene [99], spiropyran [100], and liquid crystal polymer network [101]. 

Lv et al. [102] synthesized a reactive azobenzene liquid-crystalline block copolymer that 

showed reversible photodeformation regulated by alternating irradiation of UV and visible light. 

The bending direction of the actuator can even be precisely controlled by varying the polarization 

direction of the polarized light. Qin et al. [103] synthesized a cross-linked azobenzene/polymers 

supramolecular that exhibits reversible light-driven actuation. Inspired by the predation motion of 

pythons, Hu et al. [104] fabricated a bilayer photo-liquefiable azobenzene derivative/low density 

polyethylene photo actuator. By controlling the handedness and pitch of the helical deformation, 

it can grasp a variety of objects with different sizes and shapes. While typical crystalline elastomer 

actuators have very limited output force, Harris et al. [105] were able to fabricate an azobenzene 

based light responsive polymer networks that were heavily crosslinked with room temperature 

elastic moduli in the order of 1 GPa. Ryabchun et al. [106] fabricated a photo actuator based on 

stretched porous polyethylene and an azobenzene-containing liquid crystalline polymer network. 

Oosten et al. [107] utilized inkjet printing technology to fabricate azobenzene-containing liquid-

crystal network photo actuators, which can be easily adapted for large-scale and low-cost 

production of miniaturized biomimetic devices. One of the shortcomings of photo responsive 

actuators is that UV light is utilized as the stimulus. Such high-energy light is not ideal for 

biomedical applications for safety considerations. Photo actuators driven by visible light have also 

been studied. For example, Jiang et al. [108] developed an azobenzene containing liquid-crystal 
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soft actuator that can be actuated by red light based on triplet-triplet annihilation. Li et al. [109] 

synthesized a bridged azobenzene contained polyureas photo actuator that can bend above 110 ° 

in several seconds under irradiation of 405 nm blue light, and then recovers to its initial state under 

irradiation of 532 nm green light. Gelebart et al. [110] reported a rewritable and reprogrammable 

light responsive polymer actuator based on liquid crystalline. The contained azomerocyanine dye 

can be locally converted into the hydroxyazopyridinium form by acid treatment. These two dye 

forms absorb different wavelength, giving possibility to control the folding of the actuator by light 

of different wavelengths. Also, the acidic patterning is reversible and allows the erasing and 

rewriting of patterns in the polymer film. Kitagawa et al. [ 111 ] reported a photochromic 

diarylethene crystal that can twist by alternating irradiation with UV and visible light. The crystal 

twisting can take place in both left-handed and right-handed directions, depending upon the face 

irradiated with UV light. 

Polymer gel is another base material for photo actuators [112]. For example, Ma et al. [113] 

developed a thermo-/photo- dual responsive actuator based on azobenzene containing ion gel. The 

photo-induced actuation can be realized reversibly be alternate irradiation with visible and UV 

light. Francis et al. [114] reported a spiropyran based hydrogel photo actuator. Due to the presence 

of the photochromic spiropyran molecule in the polymer structure, the phdrogels reversibly shrink 

and swell in aqueous environment when exposed to different light conditions. When placed onto 

a ratcheted surface, the actuation of the bipedal gel produces a walking motion. 

2.6 Pressure Driven Soft Actuators 

Most pressure driven soft actuators are pneumatic, though hydraulic soft actuators can be 

fabricated in a similar way. To generate effective actuation, pressure driven actuators have to 

spatially pattern their stiffness characteristics so that they can be stimulated by external pressure 
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or forces to produce desired deformations. By varying the stiffness pattern, the bending profile of 

pneumatic actuators can be controlled. It has been shown that these pneumatic soft actuators can 

produce admirable force, even at small scales. Combined with their customized motions, 

pneumatic soft actuators are very suitable for wearable rehabilitative applications [115, 116] and 

soft grippers with high adaptability. However, pneumatic actuators need to be connected with a 

bulky compressor. Although battery powered microcompressors are available, they can only 

provide very low pressure. Pneumatic soft actuators are usually fabricated by casting elastic 

materials like silicone rubber [117] into molds. Some are fiber reinforced to constrain deformation 

in certain directions [118, 119]. Due to the difficulty in making microscale voids and channels, it 

is still challenging to fabricate soft pneumatic actuators on millimeter scale [120]. 

(a) 

(b) 

Figure 2.9 (a) Scheme of a pneu-net actuator [123]. (b) A pneu-net actuator and its 

deformations under different air pressure [127]. 
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As a notable example of soft pneumatic actuators, pneu-net actuators [121, 122] consist of 

an extensible top layer and an inextensible but flexible bottom layer. The top layer is divided into 

multiple chambers, whose lateral walls are thinner than the rest part. When air is pumped in, the 

chamber would inflate, and the wall expands. The expanded chambers push each other and 

consequently the whole structure bends. Figure 2.9 shows the scheme and actuation of a pneu-net 

actuator. Tao et al. [123] developed a toothed pneu-net actuator, which was inspired by the scales 

of pangolins. For the fabrication process, the molds were 3D printed, and a soft silicone elastomer 

was used as the structure material. A three-finger soft gripper with autonomous controlling was 

fabricated and tested. Wang et al. [124] designed a soft pneumatic glove with five segmented pneu-

net bending actuators. The segmented structure of the actuator was designed according to the 

anatomy of human fingers, which makes the actuator fit better than those of homogenous structure. 

Udupa et al. [125] developed an asymmetric bellow flexible pneumatic actuator for miniature 

robotic soft grippers. The actuator was divided into two symmetrical equal halves along the axis. 

Each half part involved machining process for the molds and silicone rubber paste for compression 

molding. Suzumori et al. [126] developed a bending pneumatic rubber actuator realizing manta 

swimming robot. The actuator has two internal chambers, in which the pressure is controlled 

independently. The rubber is reinforced with nylon cords in the circular direction to resist 

deformation in the radial direction. Therefore, when the pressure is increased in one chamber, the 

chamber stretches in the axial direction and the actuator bends in the direction opposite to the 

pressure-increased chamber. 

In addition to the mold casted soft pneumatic actuators, 3D printed soft pneumatic actuators 

are also getting increasing attention. 3D printing can largely reduce the time and complexity of 

fabricating pneumatic soft actuators. Ge et al. [127] built up a digital light processing (DLP) 3D 
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printer that can be employed to fabricate soft pneumatic actuators and micro soft pneumatic 

grippers with fast speed and high precision. Herianto et al. [128] studied the design optimization 

and fabrication of soft pneumatic actuators using fused deposition modeling (FDM) method. 

2.7 Chapter Summary 

This chapter covers a brief overview of different soft actuators, including electrically 

responsive actuators, magnetically responsive actuators, chemically responsive actuators, 

thermally responsive actuators, photo responsive actuators, and pressure driven soft actuators. 

  



27 
 

CHAPTER 3: FABRICATION OF THE ELECTROTHERMAL ACTUATOR 

3.1 Introduction to EHD Printing 

EHD printing is a maskless printing technology that uses an electric field to induce fluid 

flows from micro capillary nozzles. It can realize direct high-resolution patterning with more 

modest instrumentation requirements and simpler processing than lithography and etching based 

technologies. Due to its unique conical shape of the liquid meniscus at the nozzle end, EHD 

printing is capable of printing a droplet or a jet of fluid that is much smaller than the nozzle size. 

Resolution of EHD printing typically ranges from several to tens of micros, and even down to 

hundreds of nanos as reported [129, 130], while those of conventional thermal or piezoelectric 

inkjet systems are limited to around 30 μm [131]. Figure 3.1 shows a schematic of a typical EHD 

printing system. It consists of a three-axis motion stage, a pneumatic dispensing system, a high 

voltage supply, and a microscope camera. The stage, directed by CNC program, can move in XYZ 

Figure 3.1 Schematic illustration of the EHD printing system. 
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directions with high resolution. The printing nozzle (usually made of or coated with metal) and the 

ground electrode are connected to a high-voltage power supply. The pneumatic dispersing system 

is modulated by a precision pneumatic regulator to provide needed pressure to ensure a stable flow 

of the printing ink from the syringe to the nozzle tip. The microscope camera is used to monitor 

the printing process. 

Figure 3.2 shows a schematic illustration of the liquid meniscus on the EHD printing nozzle 

tip. A conductive liquid (i.e. printing ink) is supplied to a nozzle where it is electrified by the high 

electric potential between the nozzle and the ground electrode. Electric charges accumulate at the 

surface of the liquid meniscus. The electrostatic stress causes the meniscus to deform into a conical 

shape called Tyler cone. When the electric field exceeds a critical limit, the stress from the surface 

charge repulsion at the cone apex exceeds the surface tension and a droplet of fluid is emitted 

towards the grounded substrate [132]. At sufficiently high fields, a stable jet mode can be achieved. 

In this situation, a continuous stream of liquid emerges from the nozzle [133]. The EHD printing 

system can be adapted or expanded to realize different patterning functions. For instance, by 

regulating a pulsed voltage to realize high speed drop-on-demand printing [134], integrating 

Figure 3.2 Stresses acting on the liquid meniscus of the EHD printing nozzle [132]. 
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multiple nozzles to enable multi-material printing [135-137], and adopting the layer-by-layer 

stacking principle for 3D structures printing [131, 138]. 

A wide range of functional materials can be printed using the EHD printing technology, 

including low melting point metals [139, 140] (e.g., Field’s metal, Wood’s metal, Bi58/Sn42, and 

common Sn-Pb solders), nanomaterial solution (e.g., silver nanoparticles [ 141 , 142 ], silver 

nanowires [87], silicon nanoparticles [133], carbon nanotubes [143], graphene [144], and graphene 

oxide [ 145 , 146 ]), polymer-based ink [ 147 , 148 ], and even biomaterial suspensions (e.g., 

deoxyribonucleic acid (DNA) [149] and living cells [150, 151]). Due to its high-resolution direct 

patterning capabilities, EHD printing is widely used in fabrication of thin film transistors [152] 

and memristors [ 153], flexible and stretchable electronics [87, 154], metal grid transparent 

electrodes [129, 155], light-emitting diodes [156, 157], and sensors and bioapplications [158, 159]. 

In this study, to reduce the stiffness from the microfilament heater and to minimize its 

influence on the actuation capability of the bimorph actuator, the diameter of the filament needs 

Nozzle 

2mm 

Nozzle 

Figure 3.3 (a) Schematic of the EHD printing system. (b) Droplet printed by extrusion method 

(left) and cone shape (right) of EHD metal printing. (c) An EHD printed circuit pattern. 

(a) (b) 

(c) 

2mm 
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to be very small. It is very difficult for the traditional printing process to print molten metal ink 

due to its extremely large surface tension. An EHD printing process was developed to print the 

low melting point solder ink with high resolution into fine metal filaments as the resistive heater. 

The direct fabrication capability from EHD printing enables customized design and placement of 

the heater in the soft actuator. The EHD printing system used in this study is shown in Figure 3.3 

(a). Compared with other EHD printing systems, the major difference is the addition of a PID-

controlled heater, which is used to melt printing metals. The stage can move in XYZ directions, 

and has a motion accuracy about 100 nm. The PID-controlled heating system can heat the syringe 

up to 480 °C with a resolution of 0.5 °C. The EHD printing system can realize resolution up to 50 

μm (here resolution is defined as the smallest achievable printed line width). Figure 3.3 (b) 

compares the printing behaviors between direct extrusion based printing and EHD printing. It 

clearly shows that the diameter of the ejected droplet in direct extrusion is much larger than the 

Figure 3.4 (a) Fabrication process of the soft PI/Bi58/PDMS electrothermal actuator. (b) 

Cross-section view of the electrothermal actuator. 

(a) 

(b) 
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nozzle size, because the large surface tension of the molten metal ink can balance a large gravity 

force and extrusion force. However, for EHD printing, the formed cone shape and ejected filament 

have a smaller size than the nozzle diameter, which can print high-resolution features as shown in 

Figure 3.3 (c). The printing parameters are summarized in Table 3.1, which were optimized by 

experiments. The nozzle we used has an inner diameter of 160 μm and an outer diameter of 250 

μm and printing temperature was maintained at about 260 °C to achieve a good ink flowability. 

Only a small pneumatic pressure (about 0.1 to 0.2 psi, or 689 to 1379 Pa) was used to ensure 

smooth ink flow. A printing voltage of 1700 V was applied between the printing nozzle and the 

ground electrode. 

Table 3.1 The printing parameters. 

Parameter Value 

Nozzle size (inner diameter) 160 μm 

Printing temperature 260 °C 

Pneumatic pressure 0.1 to 0.2 psi 

Printing voltage 1700 V or higher 

Standoff distance 100-200 μm 

Printing speed 0.5-1 mm/s 

 

3.2 Fabrication of the Electrothermal Actuator 

The overall fabrication process of the PI/Bi58/PDMS electrothermal actuator is illustrated 

in Figure 3.4 (a). To prepare a suitable substrate for EHD printing, a layer of PDMS was coated 

onto a glass slide. The PDMS was prepared using Sylgard 184 (from The Dow Chemical 

Company). The silicone elastomer base and curing agent were mixed with a suggested ratio of 

10:1. After adequate agitation, it was degassed for 2 hours before coating. When the PDMS was 

fully cured, the microfilament heater was printed on the substrate by EHD printing. Then, a PI 
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tape, which has a 30 μm PI layer and 38 μm thickness silicone adhesive layer, was pressed against 

the heater. After peeling off PDMS from the PI tape, the heater was transferred from PDMS 

substrate to the PI tape. Thereafter, copper wires were connected to the printed heater using 

gallium-indium liquid metal drops. Finally, a layer of PDMS was coated onto the microfilament 

heater and the PI layer with controlled PDMS layer thickness. When the top PDMS layer was fully 

cured, the actuator was produced by cutting the bimorph film into a 7×35 mm strip. Figure 3.4 (b) 

shows the sectional view of the fabricated electrothermal actuator. 

3.3 Design and Modeling of the Electrothermal Actuator 

To improve the overall performance of the soft electrothermal actuator, the heater needs to 

be designed carefully. The Bi58/Sn42 solder was selected to print the heater due to its appropriate 

melting point of 138 °C and suitability for EHD printing. The embedded resistive heater generates 

Joule heat when a voltage or current is applied. The induced temperature change causes large 

thermal expansion mismatch between the PDMS and PI layers, which results in bending actuation. 

(a) (b) 

(c) (d) 

Figure 3.5 Bending performance of actuators with different heater patterns. (a, b) Two designed 

patterns of the printed heater. (c, d) The corresponding bending deformation of the two actuators 

at the same temperature.  
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The area coverage and the stiffness are two major design considerations of the microfilament 

heater. The embedded heater could adversely increase the overall stiffness of the soft actuator and 

reduce its deformation and actuation capability, especially considering the fact that the Young’s 

modulus of Bi58/Sn42 is much larger than that of PI and PDMS. Nevertheless, the good thing is 

that we can freely design the printing pattern of the heater using EHD printing technology. It is 

therefore very important to design a heater pattern that covers the whole actuator efficiently, while 

on the other hand, does not add too much stiffness to the actuator. We designed and compared two 

different heater patterns: a reciprocating zigzag pattern and a half circle curved pattern. Figure 3.5 

(a) and (b) show the two printed heater patterns. Apparently, to cover the same heating area, the 

zigzag pattern has four parallel filaments on the bending plane, while the half circle curved pattern 

has only two filaments, which indicate a smaller bending stiffness to resist the actuation effect. As 

a result, a large actuation can be expected from the half circle curved pattern, which was proven 

experimentally as shown in Figure 3.5 (c) and (d). When both actuators were heated up to 60 °C, 

the actuator with the half circle patterned heater reached a displacement of 15 mm while the other 

actuator only had a bending deformation of about 6 mm. Moreover, compared with zigzag lines 

patterned heater, the heater with the half-circle pattern can more easily resist strains induced during 

bending actuation [139, 160]. Therefore, in this study, the half circle patterned heater with a low 

bending stiffness was selected for the fabrication of the soft electrothermal actuator. 

The other factor that significantly influences the actuator’s bending performance is the 

thickness of each layers in the bimorph structure. The bending actuation of the bimorph structure 

has been well studied [161] with the derived theoretical equation to calculate the bending curvature 

of a bi-layer thermostat when submitted to a uniform heating. The bending curvature can be 

calculated as follows: 
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where κ is the curvature, α1 and α2 are CTEs of the materials in two layers (i.e. PI and PDMS, 

respectively), t1, t2 are the thickness of the two layers, h = t1 + t2, m = t1 / t2, E1 and E2   are Young’s 

modulus of the two layers, and n = E1 / E2, ΔT is the temperature change. 

Using Equation 3.1, the optimal layer thickness of the actuator can be estimated 

theoretically. However, for our soft actuator design, with the extra printed microfilament heater, 

the analysis of the bending curvature will be more complicated. To simplify the analysis, 

approximation was taken to convert our actuator into a bimorph model. For our soft actuator design, 

the PI tape was purchased directly from market with the given thickness, which had a 30 μm PI 

film and 38 μm silicone adhesive film. Silicone adhesive has a Young’s modulus 1-50 MPa and 

CTE 250-300×10-6 °C-1 [162], both of which are very close to PDMS, as PDMS belongs to one 

kind of silicone. Hence, it should not cause significant deviation if we count the thickness of 

silicone adhesive to the PDMS layer. For the Bi58/Sn42 solder, its CTE is 16.7×10-6 °C-1 [163], 

which is very close to that of PI and significantly different from PDMS. During the actuation, the 

larger expansion of PDMS layers drives both the PI film and the microfilament heater to bend. 

The PI film and the microfilament heater can be estimated as a composite layer with the same CTE, 

but increased stiffness or equivalent modulus by adding the stiffness of the heater and the PI layer 

together. Since the heater has a repeated half-circle pattern, it is hard to calculate its stiffness 

directly. We utilized ANSYS FEA simulation to estimate the stiffness of the PI/heater composite 

film. We compared the deformations of the microfilament heater and pure PI film when the same 

force was applied on the free end with the other end fixed. At the room temperature, the simulation 

results showed that the tip deformation of the heater was about the same to that of the PI layer, 
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which indicated the heater’s stiffness is approximately same to the PI layer. Note that we want to 

calculate the actuator’s bending curvature at the actuated condition when the temperature is 

increased from room temperature to the temperature close to the melting point of the solder. Since 

Bi58/Sn42 is a low melting point alloy, and the heater usually has a higher temperature than the 

rest area of the actuator, its stiffness will reduce as the temperature is increased by actuation. 

Assuming an average Young’s modulus of the solder to be half its original value, i.e. 19.5 GPa. 

Then the heater’s stiffness is approximately half of that of the PI layer. As we know, stiffness is 

linearly related to Young’s modulus. Therefore, when estimating the bending curvature, the 

Young’s modulus of PI/heater composite layer was selected to be one and half of the original value 

of the PI film, so as to compensate the stiffness of the microfilament heater. 

Now, our soft actuator can be estimated by a bimorph structure. One layer is PI/heater 

composite film with adjusted Young’s modulus of E1 = 1.5E0 = 3750 MPa (E0 is Yong’s modulus 

of PI), the other layer is PDMS with adjusted thickness t2 = t0 + 0.038 mm (t0 is the thickness of 

Figure 3.6 The theoretical model and experimental results of relationship between curvature and 

PDMS thickness at a given actuation temperature. 
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coated PDMS, 0.038 mm is the thickness of silicone adhesive) and Young’s modulus of E2 = 2.6 

MPa [164]. By varying the thickness of the coated PDMS layer, and for a given temperature change, 

we can estimate the bending curvature theoretically against the thickness of PDMS (as shown in 

Figure 3.6 when the temperature change is selected as ΔT = 40 °C from room temperature 20 °C 

to 60 °C). The maximum curvature was achieved when the thickness of PDMS is approximately 

0.25 mm. Too thick or too thin PDMS layer will reduce the actuation capability of the soft actuator. 

When the PDMS layer is too thin, it cannot generate enough stretching force to bend the PI layer 

and the heater. On the other hand, if the PDMS layer is too thick, the overall actuation will mostly 

be thermal expansion rather than bending. To verify the theoretical model, we fabricated a set of 

actuators with different PDMS layer thickness. These actuators were supplied with DC current and 

heated to 60 °C. The resulting curvatures were recorded and plotted in Figure 3.6. As can be 

observed, the experimental results were generally in accordance with the theoretical values. The 

deviation estimated in the range of ± 0.1 cm-1 was due to curvature measuring errors as well as 

inaccuracy in controlling the layer thickness. 

3.4 Characterization and Evaluation of the Electrothermal Actuator 

The soft electrothermal actuator was fabricated with the optimized heater pattern and layer 

thickness. This actuator has a dimension of 7×35 mm, a total thickness of 0.32 mm. The resistance 

Figure 3.7 The temperature measurement equipment infrared camera FLIR A655sc. 
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of the printed heater at room temperature was measured to be about 9 Ω. The actuator was first 

characterized on its heating performance with regard to the applied electric current. The 

temperature of the actuator was measured by an infrared camera FLIR A655sc (as shown in Figure 

3.7). From the obtained thermal images, the average temperature of the actuator can be estimated. 

Figure 3.8 shows the thermograms of a fabricated actuator under different DC currents from 0.1 

A to 0.3 A. Even though the temperature of the heating filament is apparently higher, the heat 

distribution on the bimorph films is generally uniform. 

To explore the heating and cooling response of the electrothermal actuator, we measured 

the average temperature of the actuator over time when the current was first applied at 0 s and cut 

(a) (b) 

Figure 3.9 Heating performance of the actuator. (a) The temperature change as a function of time 

at different applied currents. (b) The achieved stable temperature at different currents. 

0.1 A 0.2 A 0.3 A 

Figure 3.8 Thermograms of the actuator under different currents. 
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off at 60 s. Figure 3.9 (a) shows the change of the average temperature as a function of time at 

different applied actuation currents. In general, the temperature of the actuator increased rapidly 

when the current was applied with a time constant about 15 s. Then the temperature increased 

slowly thereafter and eventually approached and maintained a stable temperature within 60 s. 

Upon turning off the current, the temperature dropped down sharply at the beginning, and then 

gradually return to the ambient temperature within 1 minute. Figure 3.9 (b) shows the relationship 

between achieved stable average temperature of the actuator and the supplied currents. The 

relationship between applied current and actuator temperature is approximately linear, but a larger 

gradient is observed at 0.25-0.3 A (probably owe to the increased electrical resistivity at higher 

temperature). 

Along with the temperature change of the actuator, the soft bimorph structure underwent 

bending deformation. Figure 3.10 shows the gradual bending status of the actuator when the 

microfilament heater in the actuator was supplied with a 0.3 A current at 0 s, and then cut off at 

60 s. We measured the bending curvature of the actuator each 5 seconds. The bending curvature 

Figure 3.10 The bending of the soft actuator at different time moments. 

0 s 15 s 30 s 45 s 

120 s 90 s 75 s 60 s 
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of the actuator over time followed the trend of the temperature change as measured by the infrared 

camera in Figure 3.9. As shown in Figure 3.10, the actuator responds quickly within the first 30 

seconds, and then deforms slowly and eventually approaches a stable curvature or bending radius. 

Using the graphical fitting with the captured image, the maximum curvature of about 1.0 cm-1 was 

achieved at the current of 0.3 A. After turning off the current, the actuator restored quickly to a 

curvature 0.3 cm-1 within 20 s. Since the heat dissipation is proportional to the temperature gradient, 

along with the decrease of the actuator’s temperature, the temperature drop rate was reduced as 

well. As a result, the curvature of the soft actuator decreased slowly back to 0.15 cm-1 about 1 

minute after turning off the current. The actuator can restore back to its initial shape with little 

residual deformation (smaller than 0.1 cm-1) after about an extra 30 seconds. 

The bending deformation of the soft actuator at five different actuation currents was also 

characterized, as shown in Figure 3.11 (a). Since the deformation of the actuator is directly 

controlled by the temperature, the trend of the actuator bending is very similar to that of the 

temperature. As can be observed, the bending deformation of the actuator increased rapidly at the 

beginning when the currents were first applied. Then the deformation increased slowly thereafter 

and approached to and maintained the steady state maximum deformation within 60 s. Upon 

turning off the current, the deformation of the actuator dropped down sharply at the beginning, and 

then gradually return to their initial shape with very little residual deformations within 1 minute. 

Figure 3.11 (b) shows the relationship between the achieved maximum bending deformation of 

the actuator and the supplied currents, in which an approximately exponential relationship was 

observed. This exponential relationship between the actuation current and the resulting 

deformation is a little different from the previous observation of the linear relationship between 

the actuation current and the resulting temperature in Figure 3.9 (b) and the linear relationship 
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between the temperature and the bending curvature from the theoretical model in Equation 3.1. 

Such a discrepancy can be well explained by the reduced stiffness of the heater when the 

temperature goes up, which is not counted in the theoretical model and Equation 3.1. At the 

elevated temperature, the solder alloy and the polymer layers (PI and PDMS) in the soft actuator 

all have a lower Young’s modulus and become less stiff, which produce larger bending 

deformation with the same thermal expansion effect. 

Reliability is another important factor for the soft electrothermal actuators. To evaluate the 

performance of the actuator under repetitive operations, we tested the soft actuator under a cyclic 

current for tens of time. A current with a waveform of square wave was applied with current ON 

for 60 s and OFF for the other 60 s. Figure 3.11 (c) shows the response of the soft actuator as a 

function of time for five cycles. As can be clearly observed, the deformation of the actuator 

demonstrated stable and consistent responses under cyclic current waves. We further tested the 

actuator more than 100 times, and the almost identical bending responses were observed. 

3.5 Chapter Summary 

This chapter discusses the EHD printing technology and system. Printing parameters for 

Figure 3.11 Characterization of the bending performance of the actuator. (a) The bending 

curvature of the soft actuator over time at different currents. (b) Maximum curvatures achieved 

at different currents. (c) The resulting actuator curvature over time for five repetitive cycles. 

(a) (b) (c) 
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Bi58/Sn42 are provided. The fabrication process, design, and modeling of the electrothermal 

actuator are illustrated. Finally, the electrothermal actuator is characterized on its heating and 

bending performance. 
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CHAPTER 4: SELF-SENSING CONTROL OF THE ELECTROTHERMAL 

ACTUATOR 

4.1 Introduction to Self-Sensing Control of Soft Actuators 

High precision operation of soft actuators is critical, while challenging, for many 

applications. One inherent drawback of electrothermal actuators is the nonlinear and complex 

relationship between the actuation voltage and the resulting bending curvature. Moreover, due to 

the low stiffness structure and longer thermal time constant, the open-loop operation of soft 

electrothermal actuators usually has a long transient time and is susceptible to external 

environment variations. Therefore, the closed-loop control is critical to improve the performance 

of the soft actuators for high precision and dedicated applications. 

Closed-loop control of soft actuators or other micro-scale devices can be realized either 

using an external sensor or the so-called self-sensing technology, also known as sensorless control. 

Adding an external sensor to the soft actuator not only increases the fabrication complexity and 

device costs, but also has a negative influence on its structural flexibility and weight. Instead, self-

sensing technology integrates the actuation and sensing functions together, eliminates the need for 

external sensors, and could largely simplify the development of the closed-loop control system. 

Two most commonly used self-sensing methods are resistive self-sensing [165-168] and capacitive 

self-sensing [169-173]. Selection of these sensing strategies largely depends on the correlation 

between the measurands and the features of the actuator. Resistive sensing usually involves the 

temperature or strain related electrical resistance change of a conductive or semi-conductive 

component of the actuator. Capacitive sensing, on the other hand, needs a built-in capacitor 

structure (two electrical conductors separated by a dielectric medium), and is often used to sense 

position/shape changes related signals. For instance, Merced et al. [165] used a self-sensing 
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approach to control the displacement of a vanadium dioxide (VO2) based microelectromechanical 

actuator by monitoring the resistance of the VO2 film. Tang et al. [166] applied resistive self-

sensing technology for the closed-loop position control of a twisted and coiled actuator. The 

actuation is resulted from the thermal expansion of polymer fibers when heated by the coiled nickel 

wire, whose resistance varies linearly with the temperature. Sonar et al. [167] developed a closed-

loop haptic feedback control of a soft pneumatic actuator. The actuator’s inflation state was 

detected by the resistance change of the embedded thin biphasic metal films, for the purpose of 

controlling the average strain of the actuator and allowing for generating uniform output force 

under different loading conditions. Ouyang et al. [168] utilized the piezoresistive feature of a 

silicon-based microactuator to realize its positioning control. Capacitive self-sensing has also been 

widely studied for the closed-loop control of dielectric elastomer actuators (DEAs) and MEMS 

devices. For instance, Gisby et al. [169] created a self-sensing system for measuring the key 

electrical parameters of DEAs, and used it for the closed-loop control of the area of an expanding 

dot DEA using capacitive feedback. Zhang et al. [ 170 ] proposed a capacitive self-sensing 

mechanism in the closed-loop control of the actuation force in a DEA. Rosset et al. [171] studied 

the self-sensing of DEAs, and implemented capacitive self-sensing on the closed-loop control of 

the strain of a DEA tunable grating. Rizzello et al. [172] realized the closed-loop control of the 

displacement of DEAs based on resistive and capacitive self-sensing. The actuator’s displacement 

was estimated by the relationship between electrical parameters and actuator geometry. Dong et 

al. [173] adopted a capacitive self-sensing approach to realize the simultaneous actuation and 

displacement sensing of MEMS electrostatic drives. 

The electrothermal actuator is a nonlinear system (active heating, passive cooling [174, 

175]). This asymmetry imposes difficulties for the control system. The control capabilities for 
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heating and cooling responses usually are different. Specifically, when the actuator is directed to 

heat up, the initial control voltage can be excessive to accelerate the process. Most of the time, this 

ephemerally excessive voltage does not need to be limited and will not damage the actuator. 

However, the control effort for the cooling operation, even though can still drop to a lower level 

temporarily, is restricted by the zero-power limit, as a saturation nonlinearity [176]. To the best of 

our knowledge, this issue is not well studied by previous research. For example, in [165], an 

actuation region is selected so that the step-up and step-down responses are similar. In [166], the 

step-down response of the actuator is largely a natural heat dissipation process in which the 

controller has little influence over the control signal. In the work of [167, 168], only step-up 

response and setpoint holding were tested, respectively. Meanwhile, most of these previous works 

used a single set of control parameters for both heating and cooling, which could be ineffective for 

unbalanced heating and cooling capability. 

In this work, a self-sensing approach was developed to sense the displacement (i.e. bending) 

of the soft electrothermal actuator. The self-sensing mechanism is based on temperature-incurred 

resistance change of the soft electrothermal actuator. As the changed temperature acts as the 

actuation effect to bend the actuator by the mismatch of thermal expansions between the two films, 

the temperature and the resulting displacement of the actuator can be detected by the resistance 

change of the heater filament from the linearly related temperature-resistive effect. In this work, a 

proportional-integral-derivative (PID) controller was designed for the closed-loop control of the 

bending curvature of the electrothermal actuator, due to its simplicity, efficiency, and reliability 

[177, 178]. To accommodate the different control capabilities of the actuator in the heating 

(bending) and cooling (retracting) stages, a switching PID control algorithm with two sets of 

control parameters was designed and tuned to control the actuator separately in the heating and 
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cooling stages. Compared with the open-loop operation, the PID controlled actuator largely 

enhances the response stability, rapidity, and robustness. 

4.2 System Description and Dynamic Model of the Electrothermal Actuator 

The fabricated actuator was characterized on its heating performance and the actuation 

capability with regard to the applied electrical signal. The temperature of the actuator was 

measured by an infrared camera (FLIR A655sc). From the obtained thermal images, the average 

temperature of the actuator can be estimated. To characterize the dynamic heating and cooling 

responses of the soft actuator, the average temperature of the actuator was measured over time 

when the voltage was first applied at 0 s and turned off at 90 s. Figure 4.1 (a) shows the change of 

the average temperature as a function of time at different applied actuation voltages. The 

temperature of the actuator increased rapidly when the voltage was applied. Then the temperature 

increased slowly thereafter and eventually approached and maintained a stable temperature within 

50 s. Upon turning off the voltage, the temperature dropped down sharply at the beginning, and 

Figure 4.1 (a) The change of the average temperature of the actuator as a function of time 

at different actuation voltages. (b) The achieved curvature at different measured average 

temperature of the actuator. 

(a) (b) 
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then gradually returned to the room temperature within 1 minute. For both the heating and cooling 

stages, a rough first-order response is observed from Figure 4.1 (a). The time constant is about 15 

s in the heating stage and 18 s in the cooling stage. We also measured the bending curvature of the 

actuator at different temperatures, as shown in Figure 4.1 (b). A curvature gauge, consisting of a 

series of circles with different curvatures (0.1 cm-1 resolution), was used to measure the bending 

curvature. The profile of the actuator was projected to the gauge using a digital camera, and the 

bending curvature was decided by the best fitted circle. From Figure 4.1 (b), an approximately 

linear relationship is observed. Along with the temperature change of the actuator, the soft bimorph 

structure produces bending deformation. 

The operation of the soft electrothermal actuator includes coupled electrothermal and 

thermal-mechanical behavior. The block diagram for the dynamic model of the soft electrothermal 

actuator is shown in Figure 4.2. The input signal of the soft actuator is the supply actuation voltage 

or the related heating power P(s) of the actuator. G1(s) describes the thermal transfer function from 

heating power to the temperature change of the actuator ΔTa(s). The temperature increase of the 

bimorph structure generates a bending torque M(s) due to the mismatch of thermal expansions by 

a linear coefficient kEα. The thermally induced bending torque drives the actuator and produces a 

certain bending curvature Κ(s). The transfer function of the mechanical response of the actuator 

from the bending torque to the resulting bending curvature is described by G2(s). 

Figure 4.2 The dynamic model of the soft electrothermal actuator. 
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To model the thermal response of the actuator, the heating/cooling process of the actuator 

can be expressed by the following formula [179]: 

0( )H a g dC m T T Q Q− = −     (4.1) 

where CH is heat capacity ratio of the actuator and m is mass of the actuator, Ta and T0 are the 

temperature of the actuator under actuation and initial temperature of the actuator, Qg is the thermal 

energy from Joule heating generated by the heater and Qd is the total dissipated thermal energy. 

The dynamic model of the temperature change and the actuation input can be derived by 

differentiating Equation (4.1) with respect to time t: 

a
H

dT
C m P

dt
= −      (4.2) 

where P is the Joule heating power, Φ is the heat dissipation power. Heat dissipation from the 

actuator involves conduction, radiation, and convection. Conduction is negligible if the film is not 

connected with a good thermal conductor. Radiation is also negligible in the temperature range of 

interest in the paper [180]. Air convection is the major mechanism of heat dissipation, which is 

proportional to the temperature difference: 

ahA T =       (4.3) 

where h is the heat transfer coefficient, A is the surface area of the actuator, ΔTa = Ta – T0 is the 

difference between the actuator temperature and its environmental temperature. Considering dΔTa 

/ dt = dTa / dt, we can rearrange Equation (4.2) to: 

a
H a

d T
C m P hA T

dt


= −      (4.4) 

Through Laplace transform, we can obtain the transfer function from the input power to 

the resulting temperature change of the actuator as: 
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The bending torque of bimorph structure largely depends on the temperature change by a 

constant kEα, which is related to the Young’s modulus and coefficient of thermal expansion of the 

materials in the bimorph structure: 
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With a certain temperature-induced actuation torque M, the dynamic model of the 

actuator’s angular displacement can be described by the rotational mass spring damper system: 

r rM J C K  = + +      (4.7)  

where J is moment of inertia, θ is rotation in radian, Cr is rotational damping coefficient and Kr is 

rotational spring constant. The transfer function from the torque to the resulting bending 

displacement of the actuator is: 

2

( ) 1

( ) r r

s

M s Js C s K


=

+ +
    (4.8) 

The bending profile of the actuator is approximated to be an arc (i.e., uniform curvature 

through the length). The bending curvature is proportional to the angular displacement of the 

actuator, as κ = θ / L, where L is the length of the actuator. Accordingly, we are able to obtain the 

transfer function from the torque to the bending curvature of the actuator: 

2 2

( ) 1
( )

( ) ( )r r

s
G s

M s L Js C s K


= =

+ +
     (4.9) 

After modeling the coupled electrothermal and thermal-mechanical behavior of the 

actuator, the overall dynamic model of the actuator can be derived as: 

( )( )
1 2 2

( ) ( ) ( ) E
E

r r H

k
G s k G s G s

L Js C s K C ms hA


= =

+ + +
  (4.10) 
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The above model includes both thermal and mechanical responses of the actuator. These 

responses have quite different time constants. The time constant of the thermal response can be 

roughly estimated from Figure 4.1 (a), which is about 15 s in the heating stage and 18 s in the 

cooling stage. With respect to the mechanical response of the soft actuator, the natural frequency 

of the bimorph structure can be estimated by the natural frequency of one monolithic substrate 

layer of PDMS, fs, and the ratio of modulus, thickness and density between the PI/heater composite 

film (i.e. Ef , tf , ρf) and PDMS film (i.e. Es , ts , ρs) with Er = Ef / Es = 3750 MPa / 2.6 MPa = 1442, 

tr = tf / ts = 0.03 mm / 0.288 mm = 0.1, ρr = ρf / ρs = 1712 kg·m-3/ 965 kg·m-3 = 1.77 [181], as 

3 2( 1)( 1) 3 ( 1)

( 1)( 1)

r r r r r r r
bi s

r r r r

E t E t E t t
f f

t E t

+ + + +
=

+ +
     (4.11) 

in which fs of PDMS layer can be calculated by 

2

2

(1.875)

2
s

EI
f

L A 
=      (4.12) 

where L = 40 mm is the length of the actuator, E = 2.6 MPa is the Young’s modulus of PDMS, I 

Figure 4.3 First two vibrational modes and their corresponding frequencies for the 

mechanical structure of the electrothermal actuator. 

Mode 1: 3.5 Hz Mode 2: 21.8 Hz 
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= 13.9×10-15 m4 is the area moment of inertia, ρ = 965 kg·m-3 is PDMS’s density and A = 2.016×10-

6 m2 is the cross-sectional area. Using the above device parameters in Equations (4.11) and (4.12), 

we can estimate the natural frequency of the actuator to be about 3.4 Hz, which is also verified by 

the finite element analysis (FEA) simulation results shown in Figure 4.3. The dominant mode from 

FEA is 3.5 Hz, which is very similar to that from theoretical calculation. This natural frequency 

indicates a time constant of the mechanical response less than 0.1 s and is much shorter than that 

of the thermal process. In other words, compared with the thermal response, the mechanical 

response of the actuator is much faster (two orders of magnitude). Therefore, it is reasonable to 

ignore the mechanical dynamics, and the actuator’s dynamic model can be simplified to a first-

order thermal dynamics model for the same reason. 

4.3 Self-Sensing Mechanism for Closed-Loop Control Design 

To precisely control the operation of the soft actuator, a proper sensing signal is required 

to measure the bending of the actuator under different actuation voltages. In this study, we 

Figure 4.4 (a) Self-sensing mechanism. (b) Relationship between percentage of resistance 

change and bending curvature. 
 

(a) (b) 
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developed a self-sensing mechanism based on temperature-incurred resistance change of the soft 

electrothermal actuator. As the changed temperature acts as the actuation effect to bend the 

actuator, the temperature and the resulting displacement of the actuator can be detected by the 

resistance change of the metal filament (i.e. heater) from the linearly related temperature-resistance 

relationship. As shown in Figure 4.4 (a), when supplied with electricity, the heater filament heats 

up the bimorph structure. We assume that the temperature change of the heater, denoted as ΔTh, 

and the change of the average temperature of the actuator, denoted as ΔTa, are linearly related: 

a hT k T =       (4.13) 

From previously reported study [182] and our experimental observation, the electrical 

resistance of Bi58/Sn42 generally varies linearly with temperature change: 

0 hR R T =       (4.14) 

where ΔR is the resistance change, R0 is the original resistance of the heater filament at room 

temperature, α is temperature coefficient of resistance for the metal filament. 

As has been discussed in Section 3.3 (Equation 3.1), the bending curvature of the actuator 

is linearly related to its temperature change: κ ∝ ΔTa. From these equations, it can be found that 

the resistance of the heater changes proportionally with the bending curvature of the actuator κ ∝ 

ΔR or κ ∝ ΔR / R0. This relationship is also verified by the experimental results as shown in Figure 

4.4 (b), which shows the average of multi-measurements of curvature against resistance change in 

percentage at both the heating and cooling stages for three different actuators. Although there are 

some deviations at small curvatures possibly due to imprecise measurements, since small 

curvatures are hard to be measured precisely, they generally follow a proportional trend with 

linearity error about 10%, and based on the fitted line, κ = 1.775 × (ΔR / R0). Moreover, to use the 

resistance change as the sensing signal to measure the bending of the actuator, we need to make 
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sure other factors, such as the bending and the resulting strain on the heater have neglectable effect 

on the resistance reading, which was also verified by experiment, as shown in Figure 4.4 (b). The 

actuator was manually bent to the maximum bending curvature without actuation, with no 

detectable resistance change being observed. Therefore, the resistance change of the heater 

filament can be used as the sensing signal to indicate the bending displacement of the actuator. By 

controlling the real-time resistance of the heater, we are capable of controlling the temperature and 

the bending curvature of the actuator. 

A sensing and control experimental setup was developed for the soft actuator, as shown in 

Figure 4.5 (a). In the circuit, a shunt resistor is connected in series with the electrothermal actuator. 

The shunt resistor has a 1 Ω resistance, 1% tolerance and 0.25 W rated power. The electrical 

resistance of the shunt resistor has been tested independently at different current levels. At 0.3 A 

and 0.5 A, it only showed 0.6% and 2% resistance increases, respectively. Given the fact that the 

actuation current is within 0.3 A (0.09 W on the shunt resistor) most of the time, we treat the shunt 

Figure 4.5 (a) The sensing and control experimental setup. (b) The data acquisition equipment 

NI USB-6259. 

(a) (b) 
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resistor as a constant unit resistor. An NI I/O device (USB-6259 with 16-bit channels and voltage 

I/O resolution ~ 0.3 mV, shown in Figure 4.5 (b)) is used for data acquisition and to provide control 

signal. Voltage signals across the shunt resistor and the electrothermal actuator are acquired via 

two analog input channels on the I/O device using a 1K Hz sampling frequency. U1 denotes the 

real-time voltage across the shunt resistor, and U2 denotes the real-time voltage across the 

electrothermal actuator. From U1, the current through the circuit can be calculated as the shunt 

resistor has a unit resistance. Then, we are able to calculate the real-time resistance of the 

electrothermal actuator by measuring U2. The voltage command signal from the analog output 

terminal on the I/O device is amplified through a voltage amplifier (DSM VF-500, gain = 20.5) to 

drive the actuator. The I/O device communicates with LabVIEW control program on PC via a 

USB cable. The control program determines the output voltage through a feedback control 

algorithm by a 1 ms loop-cycle time. The experimental setup is located in an air-conditioned lab 

with the temperature around 22 °C. 

4.4 Feedback Control of the Electrothermal Actuator 

Using the resistive self-sensing signal, a feedback controller was designed and 

implemented to improve the performance of the soft actuator. Due to the different control 

capabilities during the heating stage and cooling stage of the actuator, it is difficult for a single 

controller to provide good response for both the heating and cooling stages, as shown in Figure 

4.6. Note that in this work, to allow for effective control during the cooling stage, the initial state 

(zero point) is defined that the heater maintains a certain resistance at a small actuation voltage 

(~1.5 V). The bending/unbending tests were conducted as the input (the resistance change ΔR) 

switched between 0 and 1 Ω. 

In Figure 4.6, a single PID controller C(s) = Kp (1 + 1 / Tis + Tds) was tuned to control the 
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soft actuator. Nevertheless, it was difficult to tune the controller to simultaneously provide good 

response for heating and cooling the actuator. For example, for the step response, if the controller 

was tuned to optimize the response of the positive step (heating of the actuator), the response of 

the negative step (i.e. cooling of the actuator) showed evident oscillations (Figure 4.6 (a)). On the 

other hand, if the controller was tuned to provide good response for the negative step, a large 

overshoot and prolonged settling time were observed for the positive step response, as shown in 

Figure 4.6 (b). The main reason of such a phenomenon comes from the unbalanced control 

capabilities during the heating and cooling stages. When the actuator is commanded to bend more 

at the heating process, the embedded heater can actively heat up the actuator with an excessively 

high voltage. This ephemerally excessive voltage generally brings no damage to the actuator. In 

the cooling process, however, the actuator lacks an active and efficient cooling mechanism and 

mainly relies on reducing the heating power and the natural heat dissipation to cool down the 

actuator. When the actuator needs to be unbent (i.e. cooled) for some degree, the control voltage 

Figure 4.6 (a) A PID controller provided optimized response of positive step, while the 

negative step response showed evident oscillations. (b) The other PID controller provided 

stable response of negative step, while the positive step response had large overshoot and 

prolonged settling time. 

(a) (b) 



55 
 

needs to be temporarily dropped to a voltage lower than the voltage needed to maintain the target 

bending, so as to speed up the cooling process. However, such lower voltage command is 

constrained by the zero-input power. As a result, theoretically unlimited heating power can be 

achieved by applying a large actuation voltage, while the cooling capability of the actuator is 

limited and saturated at the zero-input power. 

Considering the unbalanced heating and cooling behavior of the soft actuator, a switching 

PID control algorithm was designed to achieve good control performance in both heating and 

cooling stages. As shown in Figure 4.7, two PID controllers with different proportional, integral 

and derivative gains were tuned separately for the positive and negative driving directions (i.e. 

heating and cooling of the actuator). In the figure, ΔR(s) represents the reference signal, Y(s) 

represents the measured system output, E(s) is the error signal as the difference between the 

reference signal and measured output, U(s) or P(s) represents the control signal, and G(s) is the 

system transfer function. The switching logic between these two controllers is based on the sign 

of the error signal E(t) that is measured in real time. To avoid frequent switching at the steady state 

condition, a threshold value p was selected to enable the switch of the two controllers. If the error 

signal E(t) is larger than the small threshold value, indicating the requirement of additional heating 

or bending, the controller tuned for the positive response C1 will be used. Otherwise, the other 

Figure 4.7 The switching PID control algorithm for the soft actuator. 
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controller C2 will be used to obtain good performance for the negative and steady-state responses. 

In this study, the PID controller parameters were tuned manually by experiments. 

Proportional gain Kp, integral time Ti, and derivative time Td were adjusted one by one until the 

response results were satisfactory, considering the resulting rising time, settling time, overshoot, 

steady-state error, and oscillations. For C1, Kp = 0.5, Ti = 0.6 s, Td = 0.3 s; For C2, Kp = 0.1, Ti = 

0.6 s, Td = 0.3 s. It was observed that the integral term is essential to eliminate the steady-state 

error and enhance the response speed. A small derivative term is also useful for reducing the peak 

overshoot. The controller was implemented in LabVIEW. Figure 4.8 shows the block diagram of 

the LabVIEW control program (non-core instruments and components are deleted). 

4.5 Experimental Results 

The performance of the soft actuator with self-sensing feedback control was evaluated in 

Figure 4.8 The block diagram of the LabVIEW control program. 
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its static and dynamic responses. Setpoint tracking and resolution is an important performance for 

an actuator. In this soft actuator, steady state performance and the resolution are primarily 

restricted by noise, such as environmental disturbance and electronic noise, which degrade the 

operation accuracy and resolution of the actuator. Figure 4.9 compares the steady state responses 

of the actuator with feedback control and open loop control. For both cases, the actuator was 

commanded to bend at a given angle with ΔR of 1 Ω and the corresponding bending curvature of 

0.2 cm-1 (i.e., bending angle of 0.8 radian or 45.8 o given the length of the actuator of 40 mm). 

Clearly, the PID controlled setpoint tracking provided much more stable response with much 

Figure 4.9 (a, b) PID controlled and (c, d) Open loop setpoint tracking and noise histogram of 

steady state signal. 

(a) (b) 

(c) (d) 
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smaller derivation from the setpoint value than open loop control. Figure 4.9 also demonstrates a 

noise histogram of the steady state output from the self-sensing controlled actuator. The standard 

deviation of the output signal under feedback control is about 0.006 Ω, which indicates a bending 

resolution of 0.0012 cm-1 (i.e. angular resolution of bending of 0.275 o), while the open loop system 

has a standard deviation of 0.011 Ω (i.e. 0.0022 cm -1 or 0.504 o) and also has large steady-state 

error. 

Figure 4.10 demonstrates the step response of the soft actuator in both positive and negative 

bending directions. The closed loop response provides much shorter rising time and settling time 

than the open loop step response. The rising time (time between 10% and 90% of unit step) is 

about 3.3 s (roughly indicates a closed-loop bandwidth of 0.11 Hz) with a 4% overshoot for the 

positive step, and is about 5.5 s for the negative step. For the open loop system, the rising time is 

about 18.7 s and 31.0 s respectively for the positive step and negative step. For the settling time, it 

takes 4.1 s and 10.2 s for the closed-loop system to reach the steady state for the positive and 

Figure 4.10 (a) Closed-loop and (b) Open-loop step response. Feedback control reduces 

rising time and settling time over 80%. 

(a) (b) 

rising t: 3.3s 

settling t: 4.1s  

rising t: 5.5s 

settling t: 10.2s  

 
rising t: 18.7s 

settling t: 39s  

rising t: 31.0s 

settling t: >60s  
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negative steps respectively, while it takes 39.0 s for the open loop system in the positive step and 

no settlement was observed for the negative step. Clearly, both rising time and settling time were 

reduced more than 80% with feedback control using self-sensing feedback signal. To evaluate the 

dynamics tracking capabilities of the soft actuator, the actuator was commanded with different 

waveforms, including sinusoidal wave, triangle wave, and square wave. All these waves have a 

period of 60 s. From Figure 4.11, the output of the actuator follows these reference signals very 

well, except the sharp command change of triangle wave and square wave. 

Disturbance rejection is another critical requirement for high precision reliable operation 

of the soft actuator, as the miniature devices and soft actuators are susceptible to environmental 

variations. With self-sensed signal and closed-loop control, the actuator is capable to automatically 

compensate for these fluctuations of environmental temperature and increase the reliability and 

robustness. We experimentally demonstrated the disturbance rejection capability of the actuator. 

As shown in Figure 4.12, the actuator was controlled to bend with ΔR of 1 Ω. Then 0.5 ml iced 

water (temperature about 0 °C) was flowed onto the actuator by a pipette, as an example of 

environmental variation. With the help of self-sensing feedback control, the operation of the 

actuator was only disturbed slightly, and came back to normal condition in about 10 s. As a 

Figure 4.11 Tracking response of (a) Sinusoidal wave, (b) Triangle wave, (c) Square wave. 

 

(a) (b) (c) 
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comparison, the open-loop operated actuator was disturbed significantly with huge change in the 

bending angle (sensed by resistance), and it took extremely long time to recover from the 

disturbance. There was still about 25% steady-state error even after 3 minutes. These experimental 

results clearly demonstrated the effectiveness of resistive self-sensing and feedback control in 

providing good performance of the soft actuator. 

4.6 Chapter Summary 

This chapter discusses the self-sensing control of the soft electrothermal actuator. An 

introduction is presented for the closed-loop control of soft actuators. Two types of self-sensing 

approach (resistive self-sensing and capacitive self-sensing) are explained. Then the dynamic 

model of the soft electrothermal actuator is built, and the self-sensing mechanism is illustrated. A 

switching PID control algorithm is designed to accommodate the different response characteristics 

of the actuator in the heating and cooling stages. Lastly, the self-sensing mechanism and the control 

algorithm are tested on setpoint tracking, step response, wave tracking, and disturbance rejection. 

  

Figure 4.12 Disturbance rejection. (a) Experimental setup. (b) PID controlled response. (c) 

Open-loop operation. 

(a) (b) (c) 



61 
 

CHAPTER 5: TWISTING DEFORMATION OF THE ELECTROTHERMAL 

ACTUATOR 

5.1 Introduction to Twisting Deformation of Soft Actuators 

Twisting deformation represents another degree-of-freedom for soft actuators. 

When integrated as soft robotics, multi degree-of-freedom motion can largely enhance their 

versatility and functionality. Generally, twisting deformation can be transformed from a 

skewed bending deformation, which can be achieved in several different ways. 

The easiest way is changing the stiffness anisotropy. Bending deformation tends to 

occur along the direction with the lowest bending stiffness. If the actuator has reinforcement 

structures (reinforcing stripes, fibers, or wires) that change its stiffness anisotropy so that 

the lowest stiffness direction switches to a direction misaligning the transverse axis, the 

actuator will tend to bend along this skewed direction, and hence a coupled bending and 

twisting deformation can be obtained. Song et al. [183] developed a shape memory alloy 

actuator that can achieve coupled bending-twisting actuation. A layered reinforcement 

structure was embedded in the matrix to vary the mechanical properties of the actuator. 

When the reinforcement structure has a [0/90/0] orientation, a pure bending deformation is 

obtained. When the layered reinforcement structure ply configuration is changed to 

[30/45/30], a bend-twist motion can be achieved. 

Another commonly used method to create twisting deformation is changing the 

actuation direction. For soft pneumatic network actuators, this can be done by orienting the 

air chambers by an angle from the transverse direction. Wang et al. [184] reported a soft 

pneu-net actuator that can generate coupled bending and twisting motion, which was 

achieved by creating oblique air chambers. Through finite element analysis and 
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experimental verification, variation trends of bending and twisting motions with respect to 

the chamber angle were investigated. Besides, a pure twisting deformation can be achieved 

by combining two bending actuators that have opposite bending directions as reported in 

article [185]. Some photo responsive materials exhibit uniaxial deformation or have a 

dominant deformation direction. Wang et al. [186] developed a dual-layer liquid crystal 

soft actuator that can bend under ultraviolet irradiation and twist under near-infrared 

irradiation. The top layer possesses a uniaxially aligned liquid crystalline elastomer matrix 

incorporated with azobenzene chromophores and a near-infrared absorbing dye, so it bends 

(a) 
(b) (c) 

(d) (f) 

Figure 5.1 (a) The fabricated twisting actuator. (b) Thermography of an actuated actuator. 

(c) Initial position of the actuator when unactuated. (d) Deformation at 1 V voltage. (e) 

Deformation at 2 V voltage. (f) Deformation at 3 V voltage.

(e) 

1 V 2 V 3 V 
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under ultraviolet stimulus and shrinks under near-infrared stimulus. The bottom layer has 

only near-infrared dye, and only responds to near-infrared stimulus. Because the shrinkage 

directions of the top and bottom layer are tilted to each other, the actuator executes twisting 

deformation under near-infrared irradiation. Haan et al. [187] reported humidity responsive 

actuators based on a single sheet of a hydrogen-bonded, uniaxially aligned liquid crystal 

polymer network. The asymmetry in the molecular trigger in the anisotropic polymer film 

plays a dominant role leading to programmed deformations including bending, folding, and 

twisting. Similarly, for piezoelectric actuators, twisting deformation can be achieved by 

either changing the polarization direction [188] or adding inclined piezoelectric segments 

[189]. 

5.2 Twisting of the Electrothermal Actuator 

Twisting deformation of the electrothermal actuator can be realized by printing a skewed 

heater pattern as shown in Figure 5.1 (a). This oblique heater can not only generate a parallelogram 

high-temperature zone as shown in Figure 5.1 (b), but also changes the stiffness anisotropy of the 

(a) (b) 

Figure 5.2 (a) The measured average temperature at different voltages. (b) The twisting angle 

at different voltages.
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actuator. For the uniform bending, the transverse direction has the lowest bending stiffness. While 

for the skewed heater pattern, the heating area and the direction with the lowest bending stiffness 

shifts to be parallel to the skewed heater filaments. The actuator tends to bend along this oblique 

direction, resulting in a coupled bending and twisting deformation. Figure 5.1 (c) shows the 

actuator’s initial position before actuation, and Figure 5.1 (d)-(f) show its deformation when the 

supply voltage is 1 V, 2 V, and 3 V. 

We have also measured the actuator’s stable average temperature and the twisting angle at 

different actuation voltages, as shown in Figure 5.2 (a) and (b), respectively. Linear relationship 

is observed between the actuation voltage and the resulting twisting angle from the actuator. Note 

that both clockwise and counterclockwise twisting deformation can be obtained by 

changing the orientation of the heater filaments (as shown in Figure 5.3). A heater pattern 

inclined to right exhibits a counterclockwise twisting motion (Figure 5.3 (a)), while a heater 

1 cm 1 cm 

U = 0 V, θ = 0° U = 3.5 V, θ = 80° U = 3.5 V, θ = -80° U = 0 V, θ = 0° 

(a) (b) 

Figure 5.3 (a) A right skewed heater pattern and counterclockwise twisting. (b) A left skewed 

heater pattern and clockwise twisting. 
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pattern inclined to left exhibits a clockwise twisting motion (Figure 5.3 (b)). Both actuators 

can achieve an 80 ° twisting angle when the supply voltage is 3.5 V. 

5.3 Modeling of Twisting Deformation 

Due to the temperature distribution and stiffness anisotropy, actuators with a skewed 

heater pattern exhibit coupled bending and twisting deformation when supplied with 

electricity. This coupled bending and twisting deformation is resulted from a bending 

deformation that misaligns the longitudinal direction. As shown in Figure 5.4 (a), the 

actuator can be divided into three segments, a parallelogram segment and two triangle 

segments. The parallelogram segment undergoes skewed bending deformation, while the 

two triangle segments mostly remain tangent to the parallelogram segment since their 

temperature does not increase significantly during the actuation. Figure 5.4 (a) shows the 

actuator in the original rectangular coordinate system, but this coordinate system is not 

suitable for theoretical modeling and calculation. Therefore, it has been transferred to 

Figure 5.4 (a) The original coordinate system. (b) The calculation coordinate system. (c) 

Points on the free edge.

(a) (b) (c) 
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another cylindrical coordinate system as shown in Figure 5.4 (b). In the cylindrical 

coordinate system, Z-axis is the reference axis and X-axis is the reference direction. 

Assume that the top edge of the actuator is fixed, and the bottom edge is free to deform. In 

order to find the bottom edge’s position and twisting angle, we need to calculate the 

coordinates of points A and B (as shown in Figure 5.4 (c)), which can be obtained according 

to the geometrical relationship: 

2 2 2 1sin ( cot ) cos
( , , ) ( cos , tan , cos )

L W W
A z R W L

R R

  
   −−

= + − − −  (5.1) 

sin ( cot )
( , , ) ( , , cos sin )

L W
B z R L W

R

 
   

−
= − − −                 (5.2) 

in which R is radius of the cylinder, W and L are width and length of the actuator, θ is the heater 

inclination angle with respect to the longitudinal direction. Cylindrical coordinates then can be 

transformed into rectangular coordinates in the calculation coordinate system: 

cosx  =        (5.3) 

siny  =        (5.4) 

z z=         (5.5)  

The rectangular coordinates in the calculation coordinate system can be converted into the 

original rectangular coordinate system by transformation of the coordinate system. This can be 

done by two steps: translate along X-axis by length of R, and rotate around X-axis by -θ (negative 

sign means a clockwise direction). Afterwards, we are able to find the coordinates of A and B in 

the original coordinate system using the following equation: 
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Twisting angle of the free edge can be obtained by calculating the angle between line AB’s 

projection on X-Y plane and Y-axis: 

' '
1

' '

( ) ( )
tan ( )

( ) ( )

x B x A
TA

y B y A

− −
=

−
     (5.7) 

5.4 Influence of Design Parameters on the Twisting Angle 

Based on the model constructed in Section 5.3, design parameters including actuator length 

(L), width (W), bending curvature (C), and heater pattern inclination angle (θ) all have an impact 

(a) (b) 

(c) (d) 

Figure 5.5 (a) The relationship between twisting angle and actuator length. (b) The relationship 

between twisting angle and actuator width. (c) The relationship between twisting angle and 

bending curvature. (d) The relationship between twisting angle and inclination angle of the 

heater pattern. 



68 
 

on the twisting angle. Figure 5.5 (a) shows the relationship between twisting angle and actuator 

length when other parameters are set as W = 10 mm and θ = 45 °. Theoretically, twisting angle is 

proportional to the actuator length. We have fabricated four actuators whose length ranges from 

17 to 62 mm, and measured their twisting angles when the bending curvature was approximately 

0.3 cm-1. As we can see from Figure 5.5 (a), the experimental results generally agree with the 

theoretical trend. Twisting angle is inversely proportional to the actuator width as shown in Figure 

5.5 (b), in which actuator length is set to 32 mm and heater pattern inclination angle is 45 °.  We 

have fabricated three actuators whose widths are 5, 10, and 15 mm, and have measured their 

twisting angles when the bending curvature was approximately 0.3 cm-1. The twisting angle 

generally decreases as the actuator width increases, following the theoretical trend. When the 

actuator length is fixed to 32 mm and actuator width is fixed to 10 mm, twisting angle is 

proportional to the bending curvature as shown in Figure 5.5 (c). Twisting angle at different 

bending curvatures was measured, which agrees with the theoretical trend. We only measured the 

twisting angle when the curvature was within 0.6 cm-1 as the actuator deformation became largely 

distorted when the temperature or bending curvature further increased. Lastly, the relationship 

between twisting angle and the inclination angle of the heater pattern is also presented in Figure 

5.5 (d), in which actuator length L = 32 mm and actuator width W = 10 mm. Note that on the 

horizontal axis in Figure 5.5 (d), the heater pattern inclination angle starts from 17.35 °, which is 

the smallest heater inclination angle when the actuator length is 32 mm and actuator width is 10 

mm. We have fabricated three actuators whose heater pattern inclination angles are 30, 45, and 

60 °, and measured their twisting angles when the bending curvature was approximately 0.3 cm-1. 

When other fabrication parameters are fixed, the largest twisting angle will be achieved when the 

heater inclination angle is around 45 °. This is obvious as when the inclination angle gets close to 
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0 or 90 °, the deformation will mostly be pure bending deformation. 

5.5 Motion Trajectory of the Free Edge 

We have already obtained the coordinates of the two points on the free edge of the actuator, 

by which we are able to calculate the position of the free edge (shown in Figure 5.6 (a)). Firstly, 

we can calculate the displacement of the midpoint on the free edge. This can be done by calculating 

its coordinate change with respect to its original position (0, W/2, -L). Then its displacements in 

X, Y, and Z directions are: 

Figure 5.6 (a) Displacement of the free edge. (b) Displacements of the midpoint on the free 

edge in X, Y, and Z directions. (c) Motion trajectory of the free edge. (d) Bottom view of the 

motion trajectory of the free edge. 

(c) 

(a) (b) 

(d) 
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The theoretical displacement trend of the midpoint on the free edge in X, Y, and Z 

directions is shown in Figure 5.6 (b). The actuator length is 32 mm and width is 10 mm, heater 

pattern inclination angle is 45 °. Figure 5.6 (c) shows the motion trajectory of the free edge when 

the actuator bending curvature increases from 0 to 1 cm-1. Figure 5.6 (d) shows its bottom view, 

which indicates a trend similar to the sequential images provided in Figure 5.1. 

5.6 Demonstration as a Gripper 

Twisting actuators can be integrated into a gripper to pick-and-place delicate objects. 

Compared with grippers made of bending actuators, grippers made of twisting actuators have 

higher adaptability, and can grasp objects more securely with less gripper fingers. Figure 5.7 shows 

a soft gripper made of three twisting actuators. The three twisting actuators were connected in a 

Figure 5.7 Demonstration as a soft gripper. (a) Initial state; (b) Actuated without load; (c) 

Gripping an object. 

(a) (b) (c) 
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series circuit. When the actuators were unactuated, the gripper fingers remained flat (shown in 

Figure 5.7 (a)). After applying a voltage, the actuators twisted and their tips got closer to each 

other (shown in Figure 5.7 (b)). We used a foam block as the gripping sample to mimic a delicate 

object. As shown in Figure 5.7 (c), the soft gripper securely grasped the sample. 

5.7 Chapter Summary 

This chapter focuses on the twisting deformation of the electrothermal actuator. The design 

concept and heater pattern for twisting deformation are discussed. The twisting deformation at 

different supply voltages is characterized. Then, a theoretical model is built for the twisting 

deformation. Based on that model, influence of the design parameters on the twisting angle is 

analyzed both theoretically and experimentally. Finally, motion trajectory of the actuator’s free 

edge is studied, and a soft gripper made of three twisting actuators is demonstrated. 
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CHAPTER 6: FINITE ELEMENT ANALYSIS OF THE ELECTROTHERMAL 

ACTUATOR 

6.1 Modeling of the Electric-Thermal-Mechanical System 

Finite element analysis or FEA is the simulation of physical phenomena using a numerical 

mathematic technique. FEA works by breaking down a real object into a large number (thousands 

to hundreds of thousands) of finite elements. Mathematical equations help predict the behavior of 

each element. A computer then adds up all the individual behaviors to predict the behavior of the 

actual object. This process is at the core of mechanical engineering, as well as a variety of other 

disciplines, to predict how a product reacts to real-world forces, vibration, heat, fluid flow, and 

other physical effects. Our electrothermal actuator is an electric-thermal-mechanical coupled 

multiphysical system. FEA is a powerful tool to simulate and analyze the actuation process and 

the relationship between supply voltage, temperature distribution, and deformation. 

FEA is comprised of pre-processing, processing, and post-processing phases. The goals of 

pre-processing are to develop an appropriate finite element mesh, assign suitable material 

properties, and apply boundary conditions in the form of restraints and loads. In the processing 

phase, the governing equations are assembled into matrix form and are solved numerically. After 

the model has been solved, the results can be visualized and evaluated, which is known as the post-

processing phase of FEA. 

The first step of FEA is to create a reasonable geometry or CAD model that reflects the 

actuator as close as possible. The 3D model of the electrothermal actuator was built using 

SolidWorks as shown in Figure 6.1. The model consists of three components, a 0.25 mm thickness 

PDMS layer, a 0.025 mm thickness PI layer, and a Bi58/Sn42 heater filament layer whose profile 

is a 0.1 mm-diameter semicircle. The cross-section view of the CAD model is shown in Figure 6.1 
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(b), in which the heater filaments are embedded in the PDMS layer. Then, SolidWorks part files 

were converted to Parasolid files that can be imported into FEA software ANSYS. 

The simulation work consists of two analysis systems: a thermal-electric system and a static 

structural system as shown in Figure 6.2. The two analysis systems share the same engineering 

data and geometry information, and the solution results of thermal-electric system is used as input 

load for the static structural system. All engineering data used is listed in Table 6.1, which come 

from technical data sheet or scientific papers. Note that we assume the Young’s modulus for 

Bi58/Sn42 decreases linearly from 39 GPa to 0 as the temperature increases from 20 °C to 138 °C 

(its melting point). 

Table 6.1 Engineering data used in the FEA simulation. 

Properties Bi58/Sn42 PDMS PI 

Density (kg/m3) 8720 965 1420 

Young’s modulus (MPa) 39000-0* 2.6 2500 

Poisson’s ratio 0.35 0.495 0.34 

CTE (ppm/C°) 16.7 320 20 

Thermal conductivity (W/mK) 21.6 0.27 0.12 

Specific heat (J/g) 46 1.46 1.09 

Electrical conductivity (μohm·cm) 34.5 N/A N/A 

* Note: decreases linearly as temperature increases. 

Figure 6.1 (a) CAD model of the actuator in SolidWorks. (b) Cross-section view. 

(a) 

(b) 
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6.2 Meshing and Simulation Environment Configurations 

Once the CAD model is created, it needs to be discretized into elements or be meshed. In 

the meshing process, the element size is set to about 0.3 to 0.5 mm. Three meshing methods are 

Figure 6.2 The coupled thermal-electric and static structural analysis system. 

Figure 6.3 The meshing process. (a) Tetrahedron meshing for the PDMS layer; (b) Hexahedron 

meshing for the PI layer; (c) Sweep meshing for the Bi58/Sn42 filament heater; (d) Shared 

topology between meshing boundaries. 

(a) (b) 

(c) (d) 
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used. Tetrahedron meshing is used for the PDMS layer (shown in Figure 6.3 (a)), hexahedron 

meshing is used for the PI layer (shown in Figure 6.3 (b)), and sweep meshing is used for the 

Bi58/Sn42 filament heater (shown in Figure 6.3 (c)). Meshing methods are selected mainly based 

on the geometrical features of the object. The PI film has a uniform thickness, so it can be meshed 

using the hexahedron meshing method. The heater filament has a semi-circular cross-section, and 

hence a sweep meshing is appropriate. Since the heater filament is embedded inside the PDMS 

layer, a tetrahedron meshing method is applied to the PDMS layer. Our electrothermal actuator is 

generally made of elastic materials, and can generate large deformation when being actuated. Due 

to its high nonlinearity, simulation of elastic materials is much difficult than the conventional rigid 

Figure 6.4 (a) Environment configurations in the thermal-electric analysis system. (b) 

Environment configurations in the static structural analysis system. 

(a) 

(b) 
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structures. To ensure reasonable simulation results and to prevent the three layers from separating 

each other, topology is shared on the meshing boundaries (shown in Figure 6.3 (d)). 

In the thermal-electric system, the environment configurations are set as shown in Figure 

6.4 (a). Voltages are applied on the two ends of the heater filament. Voltages can also be changed 

to electric currents when needed. A constant air convection coefficient 2×10-5 W/mm2·°C is 

applied on the outside surface of the actuator. The environment configurations in the static 

structural system are set as shown in Figure 6.4 (b). The left edge of the actuator is fixed, while 

the other parts are free to deform. Nonlinear adaptive region is applied on the whole actuator 

(discussed below). The complete project hierarchy is shown in Figure 6.5. 

To solve this nonlinear simulation project, the large deflection switch should be turned on. 

In our simulation work, the elements initially became so distorted that the solver could not continue. 

Figure 6.5 The project hierarchy of the simulation work. 
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We used two techniques to overcome the convergence difficulties. The first technique is nonlinear 

adaptive region, which commands ANSYS to automatically remesh the model or a portion of the 

model when elements become excessively distorted. The second technique is semi-implicit method, 

which enables ANSYS to switch to the semi-implicit solving scheme if the default implicit solver 

is having trouble. Like a traditional explicit solver, the semi-implicit method can better handle 

very large deformation. By adopting these two techniques, the force and displacement are able to 

converge even under large deformation. 

6.3 Simulation Results 

Based on the CAD model and simulation environment configurations, we have obtained 

the thermal analysis and deformation analysis of an actuator at 1 V, 2 V, and 3 V as shown in 

Figure 6.6 The thermal analysis and deformation analysis results when the supply voltage is 

(a) 1 V; (b) 2 V; and (c) 3 V. 

(a) 

(b) 

(c) 
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Figure 6.6. As it can be seen from the temperature distribution diagrams, the heater filaments have 

an evidently higher temperature, but the rest of the actuator generally has a uniform temperature 

distribution. As the supply voltage increases, the actuator exhibits a larger but uniform bending 

curvature. In Chapter 7, FEA simulation of thermal analysis and deformation analysis are 

compared with experimental results in different deformation modes. 

6.4 Chapter Summary 

This chapter presents the procedure to conduct FEA simulation for the soft electrothermal 

actuator. The CAD model and engineering data are provided. The meshing process and 

environment configurations are explained. To overcome convergence difficulties, nonlinear 

adaptive region and semi-implicit solving techniques are used. Finally, the thermal analysis and 

deformation analysis results at different supply voltages are obtained. 
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CHAPTER 7: PROGRAMMABLE DEFORMATIONS OF THE ELECTROTHERMAL 

ACTUATOR 

7.1 Introduction to Programmable Deformations of Soft Actuators 

In recent years, there has been an increasing interest in the research of soft actuators 

that exhibit complex programmable deformations. Programmable deformations of soft 

actuators can be realized in various ways. The first method is through gradient or patterned 

actuation. Instead of applying a uniform actuation, a gradient of the actuation effect is 

created on the actuator. For example, the heat absorption ability of photothermal actuators 

can be regulated by the amount of light-absorbing materials. Chen et al. [190] fabricated a 

photothermal actuator whose light absorbing layer was toner-coated paper. The amount of 

black toner (grayscale) printed on the paper can control the absorption ability of light, 

leading to different temperature and bending curvature of the actuator. Similarly, for 

chemically responsive actuators that base on the swelling difference between the two 

structural layers, programmed deformation can be obtained by distributing the relative 

amount of those two materials. Jeong et al. [191] reported a chemically responsive soft 

actuator that is triggered by the unbalanced expansion between the two structural layers 

when immersed in hexane solvent. While a traditional cantilever structure results in 

bending deformation, an asymmetrical arrangement of two materials on the cross-section 

of the cantilever results in twisting deformation. Lahikainen et al. [192] realized the 

patterned deformation of a photo actuator through synergistic use of photochemical and 

photothermal effects. The photochemical effect is used for patterning the actuator, and the 

photothermal effect is used for triggering actuation. With mask patterned ultraviolet 

exposure, the azobenzene crosslinks in the actuator undergo trans-cis isomerization, which 
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leads to patterned bending deformation under red light irradiation. Ma et al. [193] fabricated 

a moisture-responsive graphene actuator that has programmable shape-changing capability 

by patterning its SU-8 layer through ultraviolet lithography. By controlling the geometries 

and orientations of the SU-8 micropattern arrays, the actuator can achieve complex 

deformations, including bending, twisting, coiling, etc. 

Another way for soft actuators to realize complex programmable deformations is by 

controlling their deformation direction. This is especially true for twisting deformation, as 

twisting deformation can be obtained from a bending that is misaligned to the long axis of 

the actuator. For soft pneumatic network actuators, this can be done by orienting the air 

chambers by an angle from the longitudinal direction [184]. Some photo responsive 

materials exhibit uniaxial deformation or have a dominant deformation direction. For 

example, Hu et al. [194] reported a photo actuator which was fabricated by compositing a 

photo-liquefiable azobenzene derivative with polyethylene film. Guided rubbing and 

annealing treatments were subsequently applied to the composite film. Actuators obtained 

by cutting along the rubbing direction exhibited only bending deformation, while actuators 

obtained by cutting at an angle with the rubbing direction exhibited helical twisting. Wang 

et al. [186] developed a dual-layer liquid crystal soft actuator that can bend under ultraviolet 

irradiation and twist under near-infrared irradiation. The top layer possesses a uniaxially 

aligned liquid crystalline elastomer matrix incorporated with azobenzene chromophores 

and a near-infrared absorbing dye, so it bends under ultraviolet stimulus and shrinks under 

near-infrared stimulus. The bottom layer has only near-infrared dye, and only responds to 

near-infrared stimulus. Because the shrinkage directions of the top and bottom layer are 

tilted to each other, the actuator executes twisting deformation under near-infrared 
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irradiation. For magnetic soft actuators, programmable deformation can be achieved by 

rearranging the magnetization patterns and directions. Song et al. [195] fabricated a soft 

magnetic actuator that was composed of spatially separated magnetic microspheres 

encapsulated in oligomeric polyethylene glycol. Solid-to-liquid phase transition of this 

encapsulating oligomer allows rearrangement of the magnetization directions in the 

magnetic microspheres. At a lower temperature, the magnetization directions of the 

magnetic microspheres are fixed, while at a higher temperature, the magnetization 

directions can be rearranged to any desired form under external magnetic fields. Besides, 

humidity responsive actuators based on uniaxially aligned liquid crystal polymer network 

[187] and thermal responsive hydrogel fibrous membranes showing directionally controlled 

movements [196] were also reported. 

Programmable deformation of soft actuators can also be achieved by mechanical 

anisotropy. For an actuator strip, its bending deformation tends to occur along the direction 

that has the lowest bending stiffness. If that direction is misaligned with the transverse 

direction, a twisting deformation will be produced in addition to the bending deformation. 

Bending stiffness patterns are commonly altered by reinforcements like reinforcing stripes, 

fibers, and wires. For example, Schaffner et al. [197] reported a 3D printed pneumatic soft 

actuator that can bend, contract, twist, and grab by designing the tube shape and configuring 

its reinforcing stripes. Wang et al. [198] designed a thermal responsive soft actuator that 

exhibits coupled bending and twisting deformation, which comes from its structure 

anisotropy induced by the embedded shape memory polymer fibers in a homogeneous 

elastic matrix. Similarly, Song et al. [183] developed a shape memory alloy actuator that 
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can achieve coupled bending-twisting actuation by embedding an anisotropic layered 

reinforcement structure. 

Programmable deformation of soft electrothermal actuators is challenging, mainly 

restricted by the free-form fabrication capabilities of the resistive heater. Most soft 

electrothermal actuators reported so far utilize the deposition (e.g., spin-coating [199], 

casting [200], filtration [201], spray [10]) of nanomaterial-based solution to form a thin 

conductive heater layer with only uniform heating capability, which is difficult to provide 

customized actuation and temperature distributions. Unlike these previously reported soft 

electrothermal actuators, in this work, the custom programmed heater is fabricated in the 

actuator, which is directly printed with pre-designed patterns using the EHD printing 

technology. The direct fabrication capabilities from EHD printing enables free-form design 

of the embedded heater, which can easily control the heated area and the temperature 

distribution, leading to complex programmable deformations like uniform bending, 

customized bending, folding, and twisting. To the best of our knowledge, this is the first 

soft electrothermal actuator reported to have achieved programmable bending and twisting 

deformations. 

7.2 Design Concept of the Programmable Electrothermal Actuator 

Figure 7.1 shows the design concept of the programmable electrothermal actuator, 

which can realize four different modes of deformation: uniform bending, customized 

bending, folding, and twisting, by customizing the heater design and the resulting 

temperature distribution. In Figure 7.1 (a), the heater is printed to cover the actuator 

uniformly by a zigzag pattern with equal line spacing. When a voltage is applied, it 

generates an evenly heated area that leads to uniform bending. Figure 7.1 (b) shows a heater 
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pattern whose line spacing is reduced from left to right. This heater design generates a 

gradient heating area, and the resulting temperature field gradually increases from left to 

right, which results in bending deformation with customized curvature. By localized 

heating, folding deformation as in the traditional rotary joint can be obtained, as shown in 

Figure 7.1 (c), since the polymeric structural materials are not good heat conductors. 

Furthermore, the heater filaments can also be custom printed along a direction that has an 

angle with the transverse direction as shown in Figure 7.1 (d). This oblique heater design 

not only creates a skewed parallelogram high temperature zone, but also changes the 

stiffness anisotropy of the heater. The actuator tends to bend along the direction of the 

temperature field with lower bending stiffness, which is now parallel to the oblique heater 

filaments. This skewed bending is actually a coupled bending and twisting deformation. 

(a) 

(b) 

(c) 

(d) 

Figure 7.1 Schematic design of programable actuators with different heater patterns, 

temperature distribution on the actuator when supplied with voltage, and the corresponding 

deformation for (a) uniform bending, (b) customized bending, (c) folding, and (d) twisting.
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7.3 Uniform Bending 

Uniform bending of the actuator can be achieved when the embedded heater is 

uniformly patterned on the actuator, as shown in Figure 7.2 (a). When an actuation voltage 

is applied, a roughly uniform temperature distribution is obtained for the actuator as shown 

in the thermography of Figure 7.2 (b). Since for the electrothermal actuator, the bending 

curvature is proportional to the temperature increasement, uniform temperature distribution 

results in a constant bending curvature and bending radius. Figure 7.2 (c) shows the 

(a) (b) (c) 

(d) (e) 

Figure 7.2 Uniform bending. (a) The fabricated actuator and heater pattern; (b) Thermography 

of an actuated actuator; (c) Uniform bending deformation of an actuator; (d) The stable average 

temperature achieved at different actuation voltages; (e) The bending curvature at different 

voltages. 

1cm 
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actuator’s bending profile when the supply voltage is 3.5 V, in which a circular bending 

deformation is achieved with a constant radius. The bending curvature of the actuator can 

be easily controlled by the actuation voltage and the resulting heating temperature, and the 

bending curvature generally follows a linear relationship with the temperature change from 

the Equation 3.1 and was demonstrated in Chapter 3. Figure 7.2 (d) and (e) show the 

actuator’s stable average temperature and bending curvature at different voltages, 

respectively. In both diagrams, a linear trend can be clearly observed. Moreover, an 

electric-thermal-mechanical finite element model was developed to study the temperature 

distribution and the deformation of the actuator and to verify each specific heater design. 

The FEA simulation results from the corresponding thermal analysis and deformation 

analysis, as shown in Figure 7.3 (a) and (b), agree well with the experimental results. 

7.4 Customized Bending 

The direct fabrication capabilities of EHD printing enables the free-form customized 

design of the embedded heater, which makes it possible to program the temperature 

distribution on the actuator, such as a temperature gradient. Since the electric current is equal 

along the heater filament, in a unit area on the actuator, the heater filament length directly 

(a) (b) 

Figure 7.3 FEA simulation of uniform bending. (a) FEA simulation of the temperature 

distribution by thermal analysis; (b) Deformation of the actuator from FEA analysis. 
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determines the heating power in that area, which in turn affects its temperature. Theoretically, the 

temperature in an area can be controlled by designating the heater filament length in it. This is the 

idea to realize customized bending, which is shown in Figure 7.4 (a). On an L length actuator strip 

(indicated by each dashed red box), it is possible to place different numbers of paired tooth shape 

heater filament fractions. In Figure 7.4 (a), they are 0, 1, 2 and 3, from left to right. All the toothed 

heater fractions have the same height H, but different widths. Their widths are determined by 

evenly distributing them within the designated area. We use Pd to denote the heating power on an 

L length actuator strip: 

2 2(2 4 )P I R L nH I= = +      (7.1) 

in which P is the Joule heating power in that area, I is the electric current, R is electrical resistance 

of the heater filament fractions, ρ is the coefficient of electrical resistivity per unit length, n is the 

number of paired heater tooth fractions. 

Figure 7.4 (a) Design idea of customized bending. (b) The relationship between heater line 

density and bending curvature at different electric currents. (c) Heater patterns with different 

heater line density. 

(a) (b) 

(c) 

2 3 4 5 
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At a certain electric current, ρI2 is considered to be the same anywhere along the whole 

heater. The heating power in an area is directly related to the term 2L+4nH, i.e. the heater filament 

length. The area with longer heater filament has a higher heating power, can reach a higher 

temperature, and bends to a larger bending curvature. Here we define a term heater line density DL 

to measure the length of the heater filament in a unit area. 

2 4
2 4L

L nH H
D n

L L

+
= = +     (7.2) 

Figure 7.5 Customized bending. (a) The fabricated actuator and heater pattern; (b) 

Thermography of an actuated actuator; (c) Customized bending deformation; (d) The average 

temperature at different locations along the actuator; (e) The bending curvature at different 

locations along the actuator. 

(a) (b) (c) 

(d) (e) 

(g) 

1 cm 
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In fact, H and L are fixed in our study, so DL can be varied by changing n. We fabricated a 

series of actuators whose heater line densities range from 2 to 5 as shown in Figure 7.4 (c). Their 

bending curvatures at different electric currents were measured. As shown in Figure 7.4 (b), at 0.2 

A, 0.25 A and 0.3 A, their bending curvatures can vary from 0 to 0.57 cm-1, 0 to 1 cm-1, and 0.1 to 

2 cm-1. 

In Figure 7.5, a soft actuator with a continuous change of the temperature field and 

the resulting programmed bending curvature was fabricated and tested. The line spacing of 

the heater filaments decreases and the heater filament density increases from top to bottom. 

Because of the equal electric current flowing through the heater filament and the almost 

uniform diameter of the heater filament, the area density of the heating power is determined 

by the area density of the heater filament. Due to the changing line spacing, the area on the 

actuator with narrower line spacing has a denser heater filament distribution, and naturally 

a higher average temperature (as shown in Figure 7.5 (b)) and a larger bending curvature. 

Figure 7.5 (c) shows the actuator’s profile when a 4 V voltage is applied. The average 

temperature and bending curvature at different locations along the actuator from top to 

bottom were measured and shown in Figure 7.5 (d) and Figure 7.5 (e), respectively. Clearly 

Figure 7.6 FEA simulation of customized bending. (a) FEA simulation of the temperature 

distribution by thermal analysis; (b) Deformation of the actuator from FEA analysis. 

(a) (b) 
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a temperature gradient can be observed on the actuator because of the different density in 

the heating filament. A gradually changing bending curvature can also be observed, which 

follows the same trend with the temperature gradient on the actuator. With the assistance 

of the FEA model and the experimental data, it is possible to design and fabricate an 

actuator that can bend to a customized bending profile. The FEA simulation results on the 

temperature distribution on the actuator and the corresponding actuator deformation are 

shown in Figure 7.6 (a) and (b). The deformation profile of the actuator from FEA is very 

close to that from the experimental result in Figure 7.5 (c). 

7.5 Folding 

Folding provides localized bending that is similar to the traditional rotary joint. 

Folding enables kinematically precise rotary degree-of-freedom for mechanism design in 

soft robotics. Another widely studied application of soft actuators is their abilities to form 

customized structures by folding of 2D sheets. The folding can be realized by locally 

heating the actuator to an enough extent. As shown in Figure 7.7 (a), on an actuator strip, 

only the middle area is printed with heater filaments. As shown in Figure 7.7 (b), when the 

middle area is heated to a certain bending curvature, the folding angle can be calculated by 

the following formula: 

L
L

R
 = =       (7.3) 

in which θ is the folding angle, L is length of the localized heating area, R and κ are the 

bending radius and curvature, respectively. Therefore, the folding angle can be controlled 

by either the actuator length or the bending curvature which can be regulated by the 

supplied actuation voltage. 
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Figure 7.7 (c) shows its thermography of the actuator at a voltage of 3 V. As it can 

be observed from the thermal image, the actuator has a locally heated area, since the 

structural materials both have relatively low thermal conductivity. Figure 7.7 (d) shows the 

Figure 7.7 Folding. (a) The fabricated actuator and heater pattern; (b) Schematic of the 

folding structure; (c) Thermography of an actuated actuator; (d) Folding deformation of the 

actuator under different voltages; (e) The average temperature on the folding joint at different 

voltages; (f) The folding angle achieved at different voltages.

(a) (b) (c) 

(d) 

(f) (e) 

2 V 3 V 4 V 

2 cm 

1 V 
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folding deformation of the actuator at different voltages. The relationship of the stable 

average temperature on the folding joint and the folding angle with respect to different 

actuation voltages are shown in Figure 7.7 (e) and (f), which indicate a rough linear 

relationship. The folding deformation was also analyzed using FEA tool, as shown in Figure 

7.8 (a) and (b), corresponding to the thermal analysis and deformation analysis, which 

resemble the experimental results. 

By configurating multiple actuators together, different structures can be formed in a 

controlled way by selecting folding joints with different rotary directions. Two folding 

structures were obtained as shown in Figure 7.9 (a) and (b) from a straight strip under 

actuation. The folding actuators can be used as folding joints with their folding angles being 

controlled by the actuation voltage. The actuators are jointed together using connection 

materials (PI tape and polyethylene terephthalate or PET sheets). In Figure 7.9 (a), both 

actuators have their PI side faced up. By controlling both folding angles to 120 °, a triangle 

structure can be obtained. In Figure 7.9 (b), one folding actuator has PDMS side up, and the 

other has PI side up, thus giving them inverse rotational directions. By controlling both 

folding angles to 90 ° using the actuation voltage, a Z shape structure can be achieved. 

Figure 7.8 FEA simulation of folding. (a) Temperature distribution by FEA thermal analysis; 

(b) Deformation of the actuator from FEA analysis.

(a) (b) 
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7.6 Twisting 

Twisting deformation of the electrothermal actuator can be realized by printing a 

skewed heater pattern as shown in Figure 7.10 (a). This oblique heater can not only generate 

a parallelogram high-temperature zone as shown in Figure 7.10 (b), but also changes the 

stiffness anisotropy of the actuator. For the uniform bending, the transverse direction has 

the lowest bending stiffness. While for the skewed heater pattern, the heating area and the 

direction with the lowest bending stiffness shifts to be parallel to the skewed heater 

filaments. The actuator tends to bend along this oblique direction, resulting in a coupled 

bending and twisting deformation as shown in Figure 7.10 (c) with the voltage applied of 

2.5 V. We have measured the stable average temperature on the actuator and the twisting 

angle at different actuation voltages, as shown in Figure 7.10 (d) and Figure 7.10 (e), 

respectively. Linear relationship is observed between the actuation voltage and the resulting 

twisting angle from the actuator. Figure 7.11 (a) and (b) show the FEA simulation results 

2 cm (a) 

Figure 7.9 Controlled structure formation from actuator strips. (a) A triangle structure; (b) A Z-

shape structure.

2 cm (b) 
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for thermal analysis and deformation analysis, which agree very well with the experimental 

results. 

7.7 Chapter Summary 

This chapter presents the idea and design concept to realize complex programmable 

deformations of the soft electrothermal actuators. By changing the design pattern of the 

embedded heater, different temperature distributions can be created, which lead to various 

programmable deformations, including uniform bending, customized bending, folding, and 

twisting. These deformation modes are characterized on their heating and deformation 

(a) (b) (c) 

(d) (e) 

Figure 7.10 Twisting. (a) The fabricated actuator and heater pattern; (b) Thermography of 

an actuated actuator; (c) Twisting deformation form the actuator; (d) The average temperature 

achieved at different voltages; (e) The twisting angle at different voltages.

1 cm 
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performance at different supply voltages. Finally, FEA simulation results of thermal 

analysis and deformation analysis are provided to validate the design concept. 

  

(a) (b) 

Figure 7.11 FEA simulation of twisting. (a) Temperature distribution by FEA thermal 

analysis; (b) Deformation of the actuator from FEA analysis.
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CHAPTER 8: APPLICATIONS OF THE ELECTROTHERMAL ACTUATOR 

8.1 Application as a Soft Lifter 

The soft actuators have many potential applications such as in soft robotics and micro 

assembly. In this work, we studied four typical applications of the soft actuator, as a soft lifter, soft 

gripper, soft robot arm, and walking robots. To evaluate the actuation force from the soft 

electrothermal actuator, we tested the soft actuator in the lifting tasks. When being used as a lifter, 

the soft actuators generally can lift samples that are much heavier than the actuator itself. To test 

the lifting capability of the actuator, the fabricated soft actuator was placed horizontally, with one 

end fixed and the other end free (as shown in Figure 8.1  (a)). At the unactuated state, the actuator 

bent downwards slightly due to the gravity force from its own weight (about 0.1 g). After loading 

a few staples as the sample, the free end of the actuator bent down further because of the extra 

weight from the loaded sample, as shown in Figure 8.1  (b). Then when the actuator was actuated 

by supplying a 0.3 A current (voltage is about 3 V), the actuator bent upwards rapidly, and 

eventually lifted the samples back to the actuator’s original position (Figure 8.1  (c)). The actuation 

Figure 8.1 Demonstration of the soft actuator as a soft lifter. (a) Unactuated lifter without load. 

(b) Loading samples further deforms the soft lifter. (c) Actuated lifter lifts the sample back to 

the initial location. 

(a) (b) (c) 
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force from the electrothermal actuator fully compensated the gravity force from the loaded samples. 

In this work, the samples we used were office staples with a unit weight of 0.033 g. The actuator 

can lift up to six staples with a total weight of 0.2 g back to its initial position, which indicates the 

maximum actuation force roughly about 2 mN. The soft actuator has full capability to lift weight 

twice of its own weight, with a lifting height about 30 mm. 

We have also tested the actuator’s lifting capability using heavier loads. Under a 4 V supply 

voltage, the actuator can lift 0.4 g paper clip up for more than 15 mm (as shown in Figure 8.2  (a) 

and (b)). For a 0.8g load, the actuator can lift it up for 5 mm (Figure 8.2  (c) and (d)). The loading 

capability (i.e. output force) of the soft actuator can be improved by designing the bimorph 

structure with larger stiffness, such as increasing the thickness and width of the actuator, and/or 

by increasing the actuation power and actuator temperature. 

8.2 Application as a Soft Gripper 

Soft actuators have been explored as soft grippers, due to their large deformation and gentle 

interaction with the objects. A four-finger soft gripper was designed and fabricated by arranging 

Figure 8.2 Demonstration of the soft lifter with heavier loads. (a) 0.4 g load unactuated. (b) 

0.4 g load actuated. (c) 0.8 g load unactuated. (d) 0.8 g load actuated. 

(a) (b) (c) (d) 
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four electrothermal actuators together and connecting them in a series circuit (shown in Figure 

8.3 ). When the power was applied to the actuators, each actuator/finger bent inside towards each 

other and the four fingers moved closer for picking objects. When the actuation current was turned 

off, the four fingers moved apart from each other and effectively released the grabbed object. The 

grabbing and releasing or pick-and-place operation of the soft gripper imitated the operation of a 

human hand. The soft gripper was mounted on a motion stage, which has three moving axes to 

implement the automated pick-and-place operations of the gripper. A foam block was used as the 

gripping sample to mimic a delicate object, and two Petri dishes served as the pick and place 

stations. Figure 8.3  shows the gripper manipulated a delicate object (a green foam block) in the 

pick-and-place process. At the beginning, the gripper was moved above the object and then 

approached to the object by the stage motion (Figure 8.3 (a, b)). Then an actuation current was 

supplied to the gripper, and the four fingers started to close and were able to grasp the object 

securely (Figure 8.3 (c)). The gripper was then lifted up by the stage (Figure 8.3 (d)) and moved 

from the picking station to the place station (Figure 8.3 (e)). When the gripper reached the center 

Figure 8.3 Four soft actuators were integrated as a four-finger soft gripper and consecutively 

captured images showing the pick-and-place operation. (a, b) approaching, (c) grasping, (d) lifting, 

(e, f) transferring, and (g, h) releasing. 

(a) (b) (c) (d) 

(e) (f) (g) (h) 
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of the place station (Figure 8.3 (f)), the actuation current was turned off. The fingers began to open, 

and the object was released from the fingers and placed down (Figure 8.3 (g, h)). As demonstrated, 

this gripper can realize humanoid motion without any additional mechanical components. It can 

be used as robotic “hand” to transport fragile or delicate objects that cannot be handled by the 

conventional rigid manipulators. 

8.3 Application as a Soft Robot Arm 

Our programmable actuators have been realized to achieve different types of motion. 

Actuators can be put together and utilized to realize a multi-degree-of-freedom soft robot arm as 

shown in Figure 8.4. Two actuators (one bending actuator and one twisting actuator) were 

connected to mimic a soft robot arm, which has two degree-of-freedom: lifting motion and twisting 

motion. When the bending actuator is powered on, it lifts the structure up (as shown from Figure 

8.4 (a) to (b)). When the twisting actuator is powered on, the arm tip twists (as shown from Figure 

8.4 (b) to (c)). These two motions can be controlled independently or collaboratively with lifting 

distance and twisting angle being controlled separately. 

(a) (b) (c) 

Figure 8.4 A two-degree-of-freedom soft robot arm. (a) At unactuated state, (b) Lifting applied, 

(c) Twisting applied.

1 cm 
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8.4 Application as Soft Walking Robots 

Self-walking is the basic motions of robots. Unlike the complex electromechanical 

system in conventional rigid walking robots, soft actuators can walk using the biomimetic 

worm-like crawling motion. We developed a prototype soft walking robot using a single 

electrothermal actuator, as shown in Figure 8.5. A relatively rigid copper tape was attached 

to the middle of the actuator strip to form a local curve, which facilitates the contraction 

and relaxation motions of the actuator. A ratchet walking surface was prepared by stacking 

a pile of paper cards. This asymmetrical ratchet structure allows the soft robot to proceed 

one-directional walking motion when supplied with periodic pulses of voltage signal. We 

used a 40 s periodic voltage signal (20 s ON and 20 s OFF, shown in Figure 8.5 (e)) to drive 

the soft walking robot. Figure 8.5 (a-d) show the profile and position of the soft walker at 

different time moments. In the contraction stage (voltage was ON), the rear leg slid forward, 

while the front leg was mostly restricted from sliding backward by the ratchet structure 

0 s 20 s 

40 s 180 s 

Figure 8.5 Demonstration of the electrothermal actuator as a soft walker on a ratchet surface. 

(a-d) Successive profiles of the soft walker crawling on the ratchet surface. (e) Voltage signal 

of the soft walker. 

(b) (a) 

(c) (d) 

(e) 
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(from 0 to 20 s). Similarly, in the relaxation stage (voltage was OFF), the front leg slid 

forward while the rear leg was kept at the same position by the ratchet face (from 20 to 40 

s). The repeated contraction and relaxation motions of the actuator can be converted into 

forward walking. In 3 minutes, it moved forward to right by 15 mm (shown in 180 s), 

indicating a walking velocity about 5 mm/min. 

The soft walker on the ratchet surface only provides one-directional walking motion. 

Integrating flexibly fabricated programable actuators, we further developed a soft walker 

that can walk both forward and backward directions on a flat surface. As shown in Figure 

8.6, instead of using a single actuator, this soft walker is consisted of two actuators linked 

Figure 8.6 Demonstration of the electrothermal actuator as a bidirectional soft walker. (a) 

Successive profiles of the bidirectional soft walker proceeding to right; (b) Voltage signal of 

the bidirectional soft walker – left actuator; (c) Voltage signal of the bidirectional soft walker 

– right actuator; (d) Successive profiles of the bidirectional soft walker proceeding to left.

(b) 

(a) 

(c) 

(d) 

20 s 40 s 60 s 300 s 

0 s 20 s 40 s 60 s 300 s 

1 cm 
0 s 
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together but functioning independently. Moreover, a foot in the middle of the soft walker 

was used as a support. The soft walker was placed on a table surface and three markers 

were used to denote the initial positions of the two actuator tips as well as the middle foot. 

By controlling the commands on the two actuators, bi-directional walking motion can be 

achieved. For one walk cycle, at the beginning, when both actuators were actuated, the two 

actuators contracted inward and lifted the middle foot up (from 0 to 20 s). At the next step, 

the voltage for the left actuator was first cut off. The left actuator bent downward and 

pushed the middle foot rightward slightly (from 20 to 40 s). Then, the voltage for the right 

actuator was cut off, and the whole structure moved a step toward right (from 40 to 60 s). 

This gait pattern can be repeated using a periodic pulse. A one-minute cyclic signal (both 

actuators ON for 20 s, left OFF for 20 s and right OFF for 20 s) was used to control the 

walking motion. The voltage signals for the left actuator and the right actuator are shown 

in Figure 8.6 (b) and (c), respectively. After executing 5 full cycles, the soft walker moved 

to the right about 10 mm, indicating a walking speed about 2 mm/min. By changing the 

control signals on the two actuators, motion in the other direction can also be achieved. 

When the voltage signals are changed to that the right actuator is turned off first and then 

the left actuator is turned off, the soft walker can also walk toward left direction in a similar 

gait mode (shown in Figure 8.6 (d)). 

8.5 Chapter Summary 

In this chapter, the soft electrothermal actuators are demonstrated for various 

biomimetic applications, including a soft lifter, a soft gripper, a soft robot arm, and soft 

walkers. 

 

  



102 
 

CHAPTER 9: RESEARCH SUMMARY AND FUTURE WORK 

9.1 Research Summary 

In this dissertation, my work has mainly focused on the fabrication, control, and 

applications of soft electrothermal actuators. A new cost-effective approach is reported to fabricate 

soft electrothermal actuators using EHD printing. We have studied the self-sensing feedback 

control of soft electrothermal actuators and designed an innovative control algorithm to 

compensate the non-linearity of the control system. Assisted by the direct patterning capabilities 

of EHD printing, we were able to realize programmable deformations of the soft electrothermal 

actuator. In addition, FEA software ANSYS was successfully implemented for the electrothermal 

analysis and thermomechanical analysis of the actuator. Lastly, the soft electrothermal actuators 

were successfully demonstrated for various biomimetic applications. 

A new cost-effective method to fabricate soft electrothermal actuators is reported. The 

structural materials used are PI and PDMS, due to their large difference in CTE. Unlike most other 

soft electrothermal actuators that use nanomaterial-based solution to deposit a thin conductive film 

for the heater, our electrothermal actuators have an embedded heater that is directly printed by 

EHD printing using a very cheap solder Bi58/Sn42. We have studied the printing parameters for 

Bi58/Sn42, and explored the fabrication process for the electrothermal actuator. The soft 

electrothermal actuator was modeled as a bimorph structure. Based on that, the heater design and 

film thickness were optimized for improved bending performance. Lastly, the actuator was 

characterized by its heating performance and bending performance. 

High precision operation of soft actuators is critical while challenging due to the nonlinear 

and complex relationship between the actuation voltage and the resulting bending curvature. 

Moreover, open-loop operation of soft electrothermal actuators usually has a long transient time 
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and is susceptible to external environment variations. We have studied the dynamic model of the 

soft electrothermal actuator, and developed a self-sensing mechanism for the closed-loop control 

of the electrothermal actuator. Due to the different control characteristics in the heating and cooling 

stages, a switching PID control algorithm was designed, in which two sets of control parameters 

are used separately for the heating and cooling processes. The performance of the designed control 

algorithm was evaluated in setpoint tracking, step response, wave tracking, and disturbance 

rejection. 

Twisting deformation represents another degree-of-freedom for soft actuators, which can 

be achieved by creating an oblique bending deformation. Assisted by the direct patterning 

capabilities of EHD printing, we designed a kind of electrothermal actuator that has a skewed 

heater pattern. This oblique heater can not only generate a parallelogram high-temperature zone, 

but also changes the stiffness anisotropy of the actuator. For the skewed heater pattern, the heating 

area and the direction with the lowest bending stiffness shifts to be parallel to the skewed heater 

filaments. The actuator tends to bend along this oblique direction, resulting in a coupled bending 

and twisting deformation. We have characterized the actuator’s twisting performance at different 

supply voltages. We also built the theoretical model of the twisting actuator, and studied the 

influence of design parameters on the twisting angle. Lastly, we studied the displacement and 

motion trajectory of the actuator’s free edge when the temperature or curvature increases. 

The direct patterning capabilities of EHD printing enable free-form design of the embedded 

heater of the actuator. Following a systematic approach to change the heater pattern and the 

corresponding temperature distribution, we are able to fabricate actuators that exhibit uniform 

bending, customized bending, folding, and twisting. An evenly printed zigzag heater pattern can 

create a homogeneously heated area, hence a uniform bending profile. A heater pattern with 
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changing line spacing can create a temperature gradient, thus leading to customized bending. A 

locally heated area causes regional high temperature zone, which leads to folding deformation. If 

the heater pattern is printed in a skewed manner, then a twisting deformation can be obtained. 

FEA is a powerful tool for multiphysical simulation. Our actuator is a coupled electric-

thermal-mechanical system. We used FEA software ANSYS for the simulation work of the 

electrothermal actuator. The 3D model of the actuator was built in SolidWorks. Two coupled 

systems, a thermal-electric analysis system and a static structural analysis system, are used for the 

simulation work. Nonlinear adaptive region and semi-implicit solving techniques are used to 

overcome the convergence difficulties for the nonlinear large deformation problem. FEA thermal 

analysis and deformation analysis results are used to validate the design concept in uniform 

bending, customized bending, folding, and twisting. 

Finally, our soft electrothermal actuators are demonstrated for several biomimetic 

applications. When used a soft lifter, soft actuators are able to lift loads that are much heavier than 

their own weights. When used a soft gripper, soft actuators can pick-and-place delicate objects. 

Multiple soft actuators can also be integrated together to realize the function of a soft robot arm. 

Finally, our soft electrothermal actuators are demonstrated as a soft walker in a ratchet surface, as 

well as a bidirectional soft walker that can walk on a flat surface. 

9.2 Research Contributions 

The main contributions of this dissertation to the research of soft electrothermal actuators 

include: 

• A new cost-effective approach to fabricate soft electrothermal actuators. Most soft 

electrothermal actuators reported so far use nanomaterial-based solution to deposit the 
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conductive heater. We used a very cheap material Bi58/Sn42, whose price is only $0.03/g, 

while nanomaterials are generally over $100 per gram. 

• Studied the feedback control of soft electrothermal actuators. Operation of soft electrothermal 

actuators is generally slow and inaccurate due to the nonlinear relationship between the 

bending curvature and supply voltage. We designed an innovative switching PID control 

algorithm to compensate the nonlinearity in the heating and cooling stages. This switching PID 

control algorithm can also be used for other nonlinear control systems which have different 

response characteristics in the position and negative control directions. 

• Realized the programmable deformations of the soft electrothermal actuator. The direct 

patterning capabilities of EHD printing enable free-form design of the embedded heater, and 

lead to different temperature distributions and hence various modes of deformations, including 

uniform bending, customized bending, folding, and twisting. To the best of our knowledge, 

this is the first soft electrothermal actuator reported to exhibit programmable bending and 

twisting deformations. 

• FEA software was successfully utilized for the thermal and deformation analysis of soft 

electrothermal actuators. Due to its extremely distorted elements and large nonlinearity, the 

simulation of soft electrothermal actuators is difficult, and has rarely been studied. We 

successfully used FEA software for the electrothermal and thermomechanical analysis for the 

soft electrothermal actuators. 

• Applied the soft actuators for various biomimetic applications, including a soft lifter, soft 

grippers, a soft robot arm, and soft walkers. 

The research achievements in this dissertation have been published in the following journal 

papers and conference proceedings: 
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• Yang Cao, Jingyan Dong. High-performance low-voltage soft electrothermal actuator with 

directly printed micro-heater. Sensors and Actuators A: Physical, 297:111546, 2019. 

• Yang Cao, Jingyan Dong. Fabrication and self-sensing control of soft electrothermal actuator. 

Procedia Manufacturing, 48 (2020): 43–48, 2020. 

• Yang Cao, Jingyan Dong. Self-sensing and control of soft electrothermal actuator. IEEE/ASME 

Transactions on Mechatronics, doi: 10.1109/TMECH.2020.3009237, 2020. 

• Yang Cao, Jingyan Dong. Programmable soft electrothermal actuators based on free-form 

printing of the embedded heater. Soft Matter, 2020 (in revision). 

9.3 Future Work 

In my future research, I plan to continue focusing on micro-scale manufacturing and 

high-resolution additive manufacturing, with an emphasis on the fabrication of flexible and 

stretchable electronics, and soft robotics. Flexible and stretchable electronics are widely 

used in wearable health devices, human-machine interaction, and other biomedical 

applications. The biggest challenge is that each component must endure bending and 

stretching while maintaining conductivity and performance. It demands higher 

requirements and innovations in both material processing and fabrication methods. My 

future research will utilize EHD printing and other micro manufacturing technologies to 

fabricate innovative sensors and energy conversion and storage devices. 

Soft robotics are generally a broad area. They can be driven by electricity, magnetic 

field, heat, chemical, light, or pneumatic pressure. Due to their unique characteristics, soft 

robotics can be used in biomimetic area (e.g. artificial muscles, flexible grippers) and 

biomedical area (e.g. surgical assist devices, drug delivery, hand rehabilitation). Different 

soft robotics are distinctive in scale, deformation range, actuation force, speed, and method, 
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which suggest diverse application potentials. In my doctoral study, I have gained extensive 

knowledge in this area regarding materials, fabrication methods, and application directions. 

My future research will focus on soft robotics that have higher versatility, such as more 

degree-of-freedom and steering capabilities; as well as soft robotics that fulfill demanding 

requirements, such as fast actuation speed, programmed deformation, large force, 

aerial/underwater environments, and aim at practical biomedical and biomimetic 

applications. 
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