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ABSTRACT 

Dielectric elastomer (DE) is an important kind of electro active polymer. Its softness and 

unique movement generating mechanism make people recognize it as artificial muscle. Existing 

studies focusing on it have revealed many important properties of this soft material. Fundamental 

researches show the working principle of how DE material can convert electrical energy and 

mechanical energy bi-directionally. Various actuators, devices, and robots are also developed to 

show the great potential of DE material in future applications. However, DE material’s nonlinear 

visco-elasticity and uncommon configuration in applications pose significant challenge in the 

developing of practical DE applications.  

Fabrication of diaphragm actuator and strip actuator are attempted. These actuators are also 

characterized to understand the basic mechanism and performance of DE actuators. Data shows 

DE actuators have great potential in future’s soft robotics and actuator applications. 

DE material’s movement generating mechanism also gives the capability of self-sensing. 

Software methods, including polynomial fitting and artificial neural network, are used to realize 

the self-sensing function in DE actuator. 

Different applications of DE actuators are attempted. A DE diaphragm actuator for human 

pulse tracking purpose is designed, fabricated, and tested. Experimental results show it can convert 

human pulse data into compliant vibration with good accuracy, which shows it has great potential 

in future’s medical applications. By patterning the diaphragm actuator’s electrode, a new type of 

2-DoF maneuverable lase manipulator is created. The manipulator is capable of tracking 2-DoF 

angular reference with soft and gearless structure. It is expected that this new type laser 

manipulator can be used in laser servo system under special environment. 
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 Motivation 

DE materials are soft materials which have promising potential in future’s soft actuators 

and soft robots. Their unique working mechanism also enables the capability of detecting the 

materials’ physical states without external sensors. However, the material’s nonlinearity, 

viscoelasticity, and uncommon application style pose great challenge in the research of modeling, 

control, and application of DE materials. In order to achieve practical applications, the modeling 

work shall give a control-oriented model, and the capability of self-sensing function is also an 

important aspect of the work. Therefore, research work is needed to investigate the fabrication and 

corresponding physical model of DE actuators. From a systematic view point, this research is 

aiming for the fabrication of simple and reliable DE actuators. Based on the existing research work, 

the modeling of fabricated actuators is attempting to develop a control-oriented model by 

approximating the actuators’ nonlinearity and internally coupling mechanism. Self-sensing 

capability is another helpful direction as the research continues, since it can help with reducing the 

cost of system by eliminating expensive sensors. 

DE material is recognized as promising material in future’s actuator and robotic 

applications. However, there is still a long way from achieving large-scale practical usage of DE 

material based applications. In order to investigate the DE material’s possible applications in real-

time cases, and practice the techniques of design, fabrication, modeling and realization of DE 

actuators, different scenes of applications with DE actuators are attempted. Since DE material is 

soft material, and is capable of generating compliant movement, it is appealing to make biomimetic 
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actuator or robot with DE material. With the help of DE material, the actuator or robot’s behavior 

is more similar to its original target. Biomimetic actuator based on DE material shall give a new 

window to future’s biomedical and robotic researches. DE material’s another unique feature is its 

capability of direct movement generation, which is close to biological muscle. Traditional 

electromagnetic motors usually generate rotational and linear movement, which requires gear set 

to convert movement into needed actuation style. In the other hand, by changing DE material’s 

shape and using simple frame structure, DE material can generate movement, such as line 

displacement, tilting, rotating, and so forth. Other benefits including light weight, non-

electromagnetic working mechanism, and low cost. Hence, making practical usage of DE material 

is an interesting research direction for DE material studies. 

1.2 Literature Review 

1.2.1 Dielectric Elastomer 

 

Figure 1.1. Illustration of dielectric elastomer actuator. 

Dielectric elastomer (DE) has promising applications in biomedical applications due to its 

unique combination of properties: large deformation, high energy density, light weight, and low 

cost. DE materials can generate movement or deformation, which is similar to biological muscles’ 
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behavior. This special capability makes them capable of performing tasks which are difficult for 

conventional electrical motors. 

A dielectric elastomer actuator usually consists of a dielectric elastomer membrane, with 

two compliant electrodes made from conductive powder or grease are coated on both sides of the 

membrane [1]. When a high voltage is applied on the electrodes, electric charges between two 

electrodes will compress the membrane in its thickness direction. Because the membrane itself is 

not compressible, the compression in its thickness will lead to the stretch in its planar direction. 

After removal of driving voltage, the membrane will recover to its original thickness by internal 

elasticity [2, 3, 4, 5]. This is a working circle of how DE actuators convert electrical energy and 

mechanical energy in both directions. Figure 1.1 illustrates the dielectric elastomer membrane’s 

working principle. 

The fundamental of DE actuator research is material research. For an ideal DE material, it 

shall have the property combination of wide range of elastic moduli, very low electrical 

conductivity, low viscosity, high dielectric constant, and high breakdown strength [6]. Pelrine et 

al reported their discovery that DE actuators are capable of perform strain over 100%, and DE 

materials are widely considered as candidates for making artificial muscles [7, 8]. Within the 

selections of DE materials, acrylic materials are considered as promising materials for making high 

strain DE actuators. In addition, low cost commercial acrylic material is ready in the market (3M 

VHB tape), these reasons cause many studies based on the acrylic materials. It is reported that pre-

stretched acrylic DE material is reported to achieve strain of up to 380%, and even up to 1000% 

area strain [9, 10]. However, due to acrylic materials high visco-elasticity, they exhibits strong 

nonlinearity, which has heavy impact on the actuators’ performance, and make a reliable model of 

acrylic DE actuator difficult to achieve [11, 12, 13]. 
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Another important component of DE actuator is compliant electrode. An ideal compliant 

electrode shall be highly conductive, highly compliant, and be able to remain its conductivity in 

high strain state. In existing studies, three kinds of materials are widely considered as compliant 

electrode materials: graphite powder, carbon powder, and carbon grease [3, 14, 15, 16, 17, 18]. 

Graphite powder and carbon powder are dry materials, which are cheap and easy to be applied on 

DE membrane. The dry electrode also makes it easy to store the DE actuators. But one significant 

shortcoming is the electrodes made from these two materials lost conductivity quickly when the 

strain increases. On the other hand, carbon grease based electrode shows good conductivity with 

large strain. However, drawbacks of carbon grease based electrode are also obvious, such as the 

fabrication of electrode is messy, the liquid within the electrode may cause damage to the DE 

membrane after a period of storage, and the electrode degrades as it desiccates slowly. Advanced 

compliant electrode is able to overcome the shortcomings of former materials, but it requires 

special equipment and carefully designed steps to make it happen [19, 20]. 

In order to model the DE actuator’s behavior, researchers described several types of models. 

Pelrine and colleagues gave the relationship of DE actuator’s effective compressive stress p (also 

called as Maxwell stress) and the applied electrical field E as following equation [7, 8]: 

𝑝 = 휀0휀𝑟𝐸
2 = 휀0휀𝑟 (

𝑉

ℎ
)
2

(1.1) 

Where ε0 and εr are absolute permittivity and relative permittivity of DE material, respectively, 

and h is the thickness of the DE material. In this model the DE membrane is assumed to be under 

ideal infinitely planar charge, and has uniform thickness. The DE material’s behavior is also 

assumed to be not affected by its strain. This physical model has been experimentally verified by 

many researchers [21, 22, 23, 24, 25, 26, 27, 28, 29]. Pelrine and colleagues also reported when 
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the strain is small than 20%, there is a simplified relationship between the DE membrane’s 

thickness strain sT and the applied voltage V, which is as following equation: 

𝑠𝑇 = −
𝑝

𝑌
=
−휀0휀𝑟 (

𝑉
ℎ
)
2

𝑌
(1.2)

 

Where Y is the elastic modulus relating the membrane’s strain. In the high strain case, the thickness 

strain sT can be expressed as following equation: 

𝑠𝑇 = 𝑒
−
𝑤𝑒
𝑝 − 1 (1.3) 

Where we is the electromechanical energy density. The we can be obtained as the amount of 

electrical energy converted into mechanical energy per unit volume in one working cycle of the 

DE actuator. Since the decrease of membrane thickness will further cause the increase of electrical 

charge, this positive feedback will lead to a drastic strain of membrane thickness, and finally lead 

to the damage of DE membrane. Although this early and well-known model is widely 

experimentally verified, it cannot account for the nonlinear elasticity of DE material, or accurately 

predict the behavior of DE material under large strain. 

Another kind of models treat the DE material as a thermal-dynamic system. This type of 

models can explain the DE material’s behavior under large strain as well as its nonlinearity [30, 

31, 32, 33, 34, 35, 36]. Three types of hyper-elastic models can be used to address one directional 

deformation of DE materials, which are Hooke, neo-Hookean and Ogden models [15]. Hooke 

model is a classic linear model used to describe spring’s behavior. In neo-Hookean model, an 

incompressible hyper-elastic material’s free energy density Ws satisfies the following equation: 

𝑊𝑠 =
𝜇

2
(𝜆1
2 + 𝜆2

2 + 𝜆3
2 − 3) (1.4) 

Where μ is the small strain shear modulus relating the material. When use this model to predict the 

material’s stress-strain, there is only one parameter needed to know [37, 38, 39]. This model 
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applies to most of the elastomers when the strain is not high. When the strain is high, the polymer 

chain elongates to its limit, the elastomer will become stiff sharply. In this case, the elastomer’s 

behavior becomes more nonlinear and the neo-Hookean model lost its effectiveness. 

Ogden proposed the well-known Ogden model to describe the free energy density Ws as: 

𝑊𝑠 =∑
𝜇𝑖
𝛼𝑖
(𝜆1
2 + 𝜆2

2 + 𝜆3
2 − 3)

𝑁

𝑖=1

(1.5) 

Where parameters μi and αi are determined by experiments, and N is the order of the model. This 

model usually has better prediction on DE actuators’ behavior than neo-Hookean model, and is 

widely used in studies of DE actuators [40, 41, 42, 43, 44, 45]. 

Suo and colleagues proposed a general theory for DE materials by coupling large 

deformation and electrical potential to describe the behavior of DE actuators [28, 46, 47, 

48].Suppose the DE material’s reference size is L1×L 2×L 3, and its size is changed by external force 

P1, P2, P3, and applied voltage V into l1×l 2×l 3. Then define the strain of the DE material in 3D 

space as λ1=l1/L1, λ2=l2/L2, and λ3=l3/L3. In addition, the electric charges on both electrodes are 

denoted as Q and the Helmholtz free energy of the elastomer membrane is denoted as F. The 

increase of the free energy δF equals to the work done by mechanical force P1δl1+P2 δl2+P3 δl3 

and external power supply ΦδQ, which is: 

𝛿𝐹 = 𝑃1𝛿𝑙1 + 𝑃2𝛿𝑙2 + 𝑃3𝛿𝑙3 +Φ𝛿𝑄 (1.6) 

This equilibrium state holds when l1, l2, l3 and Q have arbitrary small variations. The nominal 

density of the Helmholtz free energy can be expressed as: 

𝑊 =
𝐹

𝐿1𝐿2𝐿3
(1.7) 

Here by dividing the volume of the elastomer on its both sides, the increase of the free energy’s 

density can be expressed as following equations: 
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𝛿𝑊 = (𝜎1 + 𝐷𝐸)𝜆2𝜆3𝛿𝜆1 + (𝜎2 + 𝐷𝐸)𝜆1𝜆3𝛿𝜆2 + 𝜎3𝜆3𝛿𝜆1 + 𝜆1𝜆2𝜆3𝐸𝛿𝐷 (1.8) 

𝜎1 =
𝑃1
𝑙2𝑙3

(1.9) 

𝜎2 =
𝑃2
𝑙1𝑙3

(1.10) 

𝜎3 =
𝑃3
𝑙1𝑙2

(1.11) 

𝐸 =
𝐸

𝑙3
(1.12) 

𝐷 =
𝑄

𝑙1𝑙2
(1.13) 

Where σ1, σ2, σ3 are the true stresses of the DE material, E is the true electric field, and D is the 

electric displacement. Then the nominal Helmholtz free energy W is a function of the strains λ1, λ2, 

λ3 and dielectric displacement D, and satisfies following equation: 

(
𝜕𝑊

𝜕𝜆1
− (𝜎1 + 𝐷𝐸)𝜆2𝜆3) 𝛿𝜆1 + (

𝜕𝑊

𝜕𝜆2
− (𝜎2 + 𝐷𝐸)𝜆1𝜆3) 𝛿𝜆2 +

(
𝜕𝑊

𝜕𝜆3
− 𝜎3𝜆2𝜆3) 𝛿𝜆3 + (

𝜕𝑊

𝜕𝐷
− 𝜆1𝜆2𝜆3𝐸) 𝛿𝐷 = 0

(1.14) 

Since the equilibrium holds for the arbitrary small variations which are δl1, δl2, δl3 and δD, with 

the condition: 

𝛿𝑄 = 𝐷𝑙2𝛿𝑙1 + 𝐷𝑙1𝛿𝑙2 + 𝑙1𝑙2𝛿𝐷 (1.15) 

Then the following equations can be derived: 

𝜎1 =
𝜕𝑊

𝜕𝜆1

1

𝜆2𝜆3
− 𝐷𝐸 (1.16) 

𝜎2 =
𝜕𝑊

𝜕𝜆2

1

𝜆1𝜆3
− 𝐷𝐸 (1.17) 

𝜎3 =
𝜕𝑊

𝜕𝜆3

1

𝜆1𝜆2
(1.18) 
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𝐸 =
𝜕𝑊

𝜕𝐷

1

𝜆1𝜆2𝜆3
(1.19) 

Now this model provides the relationship between DE material’s true stresses σ1, σ2, σ3, true 

electric field and its external force P1, P2, P3, applied voltage V. 

Especially, for ideal dielectric elastomers, since it is incompressible, the following equation 

holds: 

𝜆1𝜆2𝜆3 = 1 (1.20) 

And the electric displacement D satisfies: 

𝐷 = 휀𝐸 (1.21) 

With these conditions, the nominal density of the Helmholtz free energy WI can be expressed as: 

𝑊𝐼(𝜆1, 𝜆2, 𝐷) = 𝑊𝑠(𝜆1, 𝜆2) +
𝐷2

2휀
(1.22) 

Where Ws is the Helmholtz free energy relating to the membrane’s stretch, and D2/2ε is the 

Helmholtz free energy relating to the membrane’s charge. Then the equations (1.16-1.19) can be 

rewritten as: 

𝜎1 − 𝜎3 = 𝜆1
𝜕𝑊𝑠
𝜕𝜆1

− 휀𝐸2 (1.23) 

𝜎2 − 𝜎3 = 𝜆2
𝜕𝑊𝑠
𝜕𝜆2

− 휀𝐸2 (1.24) 

The ideal DE material’s stresses in the right hand of equation (1.23) and (1.24) are relating to the 

entropy regarding to the stretch of the elastomer and its applied voltage. The effectiveness of this 

thermal dynamic model is verified by many researchers [23, 28, 46, 47] 

For application researches, many researchers have spent intensive efforts on DE actuators. 

With an additional supporting frame and mechanical components, diamond shape and bowtie 

shape actuators were created [49, 50, 51, 52, 53]. Ye et al. have developed an artificial muscle and 
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tendon structure using DE material and carbon fibers [54, 55, 56], and they investigated nano 

coating technology for DE material [57]. Moreover, by applying self-sensing signals, it is possible 

to detect DE actuators’ status without the help of external sensors [58, 59, 60, 61, 62, 63, 64, 65]. 

 

Figure 1.2. DE actuator roll created by Pei and colleagues [66]. 

Artificial muscle has the similar function of biological muscles, this naturally lead to the 

usage of artificial muscle in biomimetic robots [67]. In prosthetic applications, DE material already 

shows its potential [68, 69]. DE material roll integrated with spring has been reported to produce 

force up to 30 N in 2 cm displacement or 90° angle, and can be operated as fast as 50 Hz [66, 70]. 

Figure 1.2 is showing the DE actuator. 

 

Figure 1.3. Robotic hand powered by rolled DE actuators [71]. 
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Powered by rolled DE actuators, a prosthetic hand is able to perform bending and gripping actions 

[71, 72]. Figure 1.3 is showing a robotic hand driven by rolled DE actuators. Arm wrestling robot 

is also a famous demonstration of DE actuators [73]. In this robot, more than 250 DE actuator units 

are divided into two groups to resemble human’s agonist-antagonist muscle configuration. This 

robot is showing in figure 1.4. 

 

Figure 1.4. Arm wrestling robot [73]. 

Researchers from Virginia Tech designed a robot, which can lift 0.9 N weight to a height of 22 cm 

in 4 minutes [74]. DE actuators can be used for producing tactile feedback. Capri and colleagues 

created a bubble-like hydrostatically coupled DE actuator to produce tactile force feedback on 

human hand [75], which is showing in figure 1.5. With DE actuator array, tactile displayers for 

people to sense information through their fingers are created [76]. This device can produce force 

of 40 mN with displacement of 240-120 μm, and the device is showing in figure 1.6. 
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Figure 1.5. Hydrostatically coupled DE actuator for producing tactile force [75]. 

 

Figure 1.6. DE actuator array for tactile displayer [76]. 

An alternative solution for tactile displayer was developed by Knoop and colleagues [77]. DE 

actuators are also used in creating biomimetic small robots. The first walking robot driven by DE 

actuators was created by Eckerle and colleagues, whose walking speed was several millimeters 

per second [78]. They improved their design and named it FLEX 2 which can walk at a speed of 

3.5 cm per second [79]. Pei and colleagues presented other two six-leg DE based robots. One is 
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named as Skitter whose peak speed is 7 cm per second, and the other one is MERbot which has a 

maximum speed of 13.6 cm per second [66, 80]. These six-leg robots are showing in figure 1.7. 

 

                   (a)                                  (b) 

 

(c) 

Figure 1.7. Six leg robots: (a) FLEX 2 [79]; (b) Skitter [80]; (c) MERbot [66]. 

Alternatively, robots inspired from non-legged animals are also created by researchers. A robot 

with snake-like movement was presented by Pei and colleagues [66]. Junk and colleagues created 

an earthworm robot that can perform three degree of freedom movement [81]. These two kind of 

biomimetic robots are shown in figure 1.8. 
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                   (a)                                    (b) 

Figure 1.8. Biomimetic robots based on DE actuators: (a) Serpentine robot [66]; (b) Earth worm 
robot [81]. 

 
1.2.2 H-infinity Control 

In the presence of noise, disturbance and modeling error within practical applications, 

robustness in control system is a key part to achieve the control goal [82, 83]. 

 

Figure 1.9. System model with uncertainty. 

Hence, H-infinity control method is used to regulate the system’s output while rejecting the impact 

of noises and system uncertainty. A system with consideration of uncertainty can be presented in 
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figure 1.9. Where P(s) is the system’s nominal transfer function, Δ(s) is the system model’s 

uncertainty, and K(s) is the feedback controller. w presents the external disturbance and noise, u 

is the control effort made by controller, y is the system’s outputs measured by sensors, and z is the 

variable used to evaluate the impact of system’s uncertainty. One of the control goal is to make 

variable z as independent of w as possible. If the system’s uncertainty can be ignored, which is 

showing in figure 1.10: 

 

Figure 1.10. System model without uncertainty. 

And suppose the system’s nominal plant P(s) is partitioned as following equation: 

𝑃(𝑠) = [
𝑃11(𝑠) 𝑃12(𝑠)

𝑃21(𝑠) 𝑃22(𝑠)
] (1.25) 

So the y and z can be obtained from the two inputs w and u as: 

𝑦 = 𝑃21𝑤 + 𝑃22𝑢 (1.26) 

𝑧 = 𝑃11𝑤 + 𝑃12𝑢 (1.27) 

By presenting the control effort u with y and K(s), z can be written as: 

𝑧 = [𝑃11 + 𝑃12𝐾(𝐼 − 𝑃22𝐾)
−1𝑃21]𝑤 (1.28) 

So in order to minimize the impact of w in z, the controller K(s) shall minimize the term 

[P11+P12K(I-P22K)-1P21]. Another control goal is to achieve disturbance rejection, which means 

the controller should be able to make the sensitivity S = (I+PK)-1 small when the inputs’ frequency 
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is low. For achieving noise minimization, the controller should make T= I-S = I-(I+PK)-1 small 

when inputs’ frequency goes high. In order to maintain the system’s stability with regard to the 

system’s parameter variations, the controller should also be able to minimize term K(I+PK)-1. Thus, 

the H-infinity controller can be obtained by minimizing the function: 

𝐹1(𝑃, 𝐾) = [
𝑊1𝑆

𝑊3(𝐼 − 𝑆)
] (1.29) 

Where W1 and W3 are matrices depend on the input frequency. 

1.2.3 Back-propagation Artificial Neural Network 

Artificial Neural Network (ANN) is a computational model which can handle multiple 

tasks such as classification, nonlinear mapping, pattern recognition [84, 85, 86, 87]. An ANN 

consists a number of simple units which are called artificial neuron, Figure 1.11 is showing a 

scheme of artificial neuron, where function φ(.) is the neuron’s transfer function. An artificial 

neuron has a bias a, n inputs x, and each of the input has a weight coefficient w respectively. With 

the inputs and bias, the artificial neuron’s output y can be calculated as equation: 

𝑦(�⃗�) = 𝜑(∑(𝑥𝑙𝑤𝑙 + 𝑎)

𝑛

𝑙=1

) (1.30) 

 

Figure 1.11. Model of an artificial neuron. 
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In a typical layered ANN, the network contains n input sites in its input layer, k neurons in the 

hidden layer, and m neurons in its output layer, figure 1.12 is showing the structure of a layered 

ANN: 

 

Figure 1.12. Schematic view of a layered ANN. 

An artificial neuron in the input layer is connected to each neuron in the hidden layer, and the 

neurons in the hidden layer have individual bias. Here treats the bias in hidden layer neurons as a 

weighted input of value 1, so the weight from for i-th input layer neuron to j-th hidden layer neuron 

is w(1)
ij. Then the weight matrix between input layer and hidden layer is W1, which is a n+1 by k 

matrix. Similarly, the weight matrix between hidden layer and output layer is W2, which is a k+1 

by m matrix.  

The ANN must be trained with training data before using in a specific task. A training data 

set is required for training, which contains vector(s) with correct input and output values as its 

elements. For example, the i-th training vector zi=[o, t], where o is the input vector and t is the 
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target vector. Back-propagation (BP) algorithm is a widely used method to train an ANN. The 

main steps of BP algorithm including 3 steps: feed-forward computation, back-propagation to 

layers, and weight updates. 

Take the former layered ANN as an example, in feed-forward step, the input values of a 

training vector o are input into the ANN, and the inputs of each layer after input layer are obtained 

through the neurons’ mathematic equations. Here uses o(1) for the outputs of hidden layer, and o(2) 

for the outputs of output layer. 

Then the back-propagation step is done in the reversed direction. First the quadratic error 

of output layer E is computed as: 

𝐸 =∑
1

2

𝑚

𝑗=1

(𝑜𝑗
(2) − 𝑡𝑗)

2
(1.31) 

The algorithm wants to find the weight w(2)
ij which can minimize the error E, then the partial 

derivatives ∂E/∂w(2)
ij is needed. By defining the multiplicative terms δ(2)

j as: 

𝛿𝑗
(2) = 𝑜𝑗

(2)(1 − 𝑜𝑗
(2))(𝑜𝑗

(2) − 𝑡𝑗) (1.32) 

One can get the partial derivative as: 

𝜕𝐸

𝜕𝑤𝑖𝑗
(2)
= 𝑜𝑖

(1)𝑜𝑗
(2)(1 − 𝑜𝑗

(2))(𝑜𝑗
(2) − 𝑡𝑗) = 𝑜𝑖

(1)𝛿𝑗
(2) (1.33) 

Now use chain rule to get the partial derivatives for hidden layer, since each neuron in hidden layer 

is connected to the neurons in output layer, the back-propagation error can be calculated as: 

𝛿𝑗
(1) = 𝑜𝑗

(1)(1 − 𝑜𝑗
(1))∑𝑤𝑗𝑙

(2)

𝑚

𝑙=1

𝛿𝑙
(2) (1.34) 

Where w(2)
il is the weight form j-th hidden layer neuron to l-th output layer neuron. And the wanted 

partial derivatives ∂E/∂w(1)
ij can be obtained as: 



18 

 

𝜕𝐸

𝜕𝑤𝑖𝑗
(1)
= 𝑜𝑖𝛿𝑗

(1) (1.35) 

Now the weights for each layer can be updated in the negative gradient direction. Set a small 

learning rate α, then the weights can be updated as: 

𝑤𝑖𝑗
(2) = 𝑤𝑖𝑗

(2) + Δ𝑤𝑖𝑗
(2) = 𝑤𝑖𝑗

(2) − 𝛼𝛿𝑗
(2)𝑜𝑖

(1) (1.36) 

𝑤𝑖𝑗
(1) = 𝑤𝑖𝑗

(1) + Δ𝑤𝑖𝑗
(1) = 𝑤𝑖𝑗

(1) − 𝛼𝛿𝑗
(1)𝑜𝑖 (1.37) 

If a training data set contains p vectors, then the update directions are calculated for each vector, 

and the final gradient direction is: 

Δ𝑤𝑖𝑗
(1) = Δ1𝑤𝑖𝑗

(1) + Δ2𝑤𝑖𝑗
(1) +⋯+ Δ𝑝𝑤𝑖𝑗

(1) (1.38) 

Also, one training iteration may not satisfy the error tolerance, one can repeat the training steps 

until the network reaches training goal. 

1.3 Research Novelty and Objective 

In this dissertation, a 2-DoF maneuverable laser servo system based on DE material is 

proposed. Then a control-oriented model is developed form the actuator’s nonlinear state-space 

model. With the practical model, a robust controller is designed and implemented on the actuator 

to achieve desired control performances, such as tracking performance and robustness to sensing 

noises. To simplify the overall system, self-sensing method based on Fast Fourier Transform (FFT) 

and Artificial Neural Network is applied to eliminated the need of expensive sensors. The overall 

system is a practical, compact, and economic laser servo system, which can be used in applications 

with special environment requirements. 

At the beginning, a 2-DoF maneuverable DE actuator is fabricated, since DE material is 

highly nonlinear material, a control-oriented model is still in need for practical applications of this 

soft material. By developing the DE material’s state space model and system parameter 
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identification, a practical model can be obtained to capture the main behavior of the DE actuator. 

In order to minimize the impact of system uncertainty during the modeling and identification 

processes, robust control strategy is then utilized to obtain a reliable controller for the DE actuator. 

Moreover, the actuator’s electrical structure enables the possibility of self-sensing function by a 

combination of software methods, which allows the detection of the actuator’s physical status 

without external sensors. This feature can further reduce the complexity and coast of overall 

system, which render it a more compact and economic solution for laser servo system. 

1.4 Dissertation Organization 

The rest of this dissertation is organized as follows: Chapter 2 introduces the fabrication 

and characterization of diaphragm DE actuators. Chapter 3 introduces the fabrication of strip DE 

actuator and preliminary result of self-sensing function extracted from the actuator. Chapter 4 

gives the result of self-sensing function form strip DE actuator based on FFT and ANN method. 

Chapter 5 shows the fabrication of diaphragm DE actuator and modeling method for this actuator. 

A study on a new type of laser manipulator is shown in Chapter 6. Conclusion is discussed in 

Chapter 7. 
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CHAPTER 2 

FABRICATION AND CHARACTERIZATION OF DIAPHRAGM DE ACTUATOR 

 

 

2.1 Fabrication of Dielectric Elastomer Actuator 

In order to explore the possibility of VHB 4910 tape’s performance in this task, a 

diaphragm actuator is designed for test purpose. Figure 2.1 is showing the diaphragm actuator’s 

structure. Inspired by membrane-spring PDMS system, the VHB tape is firstly pre-stretched by 

about 30 %. After that the tape is attached onto a circular frame, both sides of the tape are pasted 

with carbon particles while a central area is left blank. Two clusters of carbon fibers are attached 

on each side of the actuator by sticky tape. While working, the actuator is placed horizontally, 

weight load can be put on its center. 

 

Figure 2.1. Diaphragm configuration. 

During fabrication procedures, a shower hose was cut and joined both ends to make a circular loop. 

VBH tape was attached on loop and stretched about double than its original length by continuous 
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rolling of hose in every direction. After this pre-stretching process, elastomer was attached on a 

11cm (diameter) plastic flange and hose was removed. Then, carbon black is pasted on the both 

sides of the elastomer. But to observe the deflection of this dielectric elastomer, the center position 

(circular, diameter 2 cm) was kept uncovered from carbon black. Then, functionalized carbon fiber 

is attached on the both side of the disc to make connection with the carbon pasted surface. This 

carbon pasted surface will act like electrode during the experiment. 

2.2 Experimental Results 

During test, the actuator is horizontally put on anti-vibration desk, and enough space is left 

to allow the center part freely move down. Weight load is put on the center of the actuator to cause 

the membrane naturally goes down. Driven voltage is given by a PS350 power supply made by 

Stanford Research System, INC. which is capable of output maximum 5Kv voltage and 5.25 mA 

current. When input is applied, the PDMS material creates compression in thickness, and release 

its internal stress. This will let the weight load move lower than its natural position. The load can 

move back after the driving voltage is removed. A Baumer OADM 20I6441/S14F displacement 

laser sensor is fixed above the actuator to capture actuators movement. For system controlling and 

monitoring, a DS1104 dSPACE system is in charge of controlling the power supply and measuring 

signal from the laser sensor. Figure 2.2 is showing the experimental setup. 

The dSPACE system controls the power supply to send step input to the actuator. The 

driving voltage is 3 KV or 4 KV of step function. The weight load ranges from 25 grams to 200 

grams, increased by 25 grams. Experimental data includes all combinations of these conditions. 

One set of captured data is shown below. This data includes actuators deformation range, driving 

current, and driving voltage. The voltage is turned off a little before half of the signal period. This 

is because of the time delay in the experiment system. Although the actuator requires very high 
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driving voltage, the total input is quite small because of the low current. There is a small charging 

current and then followed an even lower leaking current. In total, the actuator consumes very little 

input power, and response has a delay of about 3.6 seconds. 

 

Figure 2.2. Experiment Setup for diaphragm actuator. 

 

Figure 2.3. Response delay under 3 KV driving voltage. 

Figure 2.3 and Figure 2.4 show that there is relation between actuator’s response delay and load. 

When the weight of load increases, the actuator needs more time to reach maximum displacement. 
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Figure 2.4. Response delay under 4 KV driving voltage. 

Figure 2.5 is the maximum displacement captured with different loads under different pulse input. 

In these tests, pulse signal is used as input signal. Signal period is changed from 2 s to 10 s, each 

iteration increases 2 s. These period parameters are combined with other load and voltage 

parameters. 

 

Figure 2.5. Maximum displacement with different loads. 



24 

 

 

Figure 2.6. Actuation efficiency with different loads. 

The figure shows bigger deformation can be generally obtained with higher driving voltage while 

other conditions remain the same. However, PDMS materials working performance is 

complicatedly affected by other conditions, exact relation between displacement and driving 

voltage, signal frequency, and load is hard to find. Actuators power efficiency is shown in Figure 

2.6. The parameters combinations are the same as former test. Each efficiency data is calculated 

with a complete period of voltage input. 

When a voltage is applied on the actuator, the load object will move down. It can be 

considered as gravitational work and electrical work are stored in the actuator. After the driving 

voltage is turned off, the actuator will release the energy stored in it by lifting load up. Hence the 

power efficiency can be calculated by following equation 

𝐸 =
𝑊𝑔

𝑊𝑔 +𝑊𝑒
(2.1) 

Where E is power efficiency, Wg denotes work done by gravitation of load, and We is work of 

electricity. In the figure, efficiency is generally increased with the load put on the actuator. Driving 
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voltage will not significantly affect the efficiency of actuator. This data means high efficiency 

could be achieved as long as the actuator can support high load. 

In total, the preliminary results showed that this actuator’s response delay, maximum 

displacement, and power efficiency are mostly affected by the weight load on it. Higher load means 

higher delay, larger displacement, and higher efficiency. These results could be useful for future 

work of actuator modeling and designing. 
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CHAPTER 3 

BIO-INSPIRED ARTIFICIAL MUSCLE WITH ARTIFICIAL TENDON STRUCTURE 

 

 

3.1 Motivation 

The goal of this research is to develop artificial muscle with artificial tendon for prosthetic 

arm application. Figure 3.1 shows our envisioned robotic arm actuated by two groups of artificial 

muscles. A diaphragm actuator with DE material and carbon fibers was developed to verify DE’s 

actuation capability and carbon fiber’s tendon capability. However, it was hard to incorporate the 

diaphragm actuator into a prosthetic arm. The envisioned artificial muscle must be a strip actuator 

that is capable of generating compliant contraction as well as detecting its deformation. A 

compliant and conductive artificial tendon should be included to make seamless mechanical and 

electrical connections between the bones and muscles. 

 

Figure 3.1. Illustration of artificial muscles in robotic arm application. 

3.1.1 Design of Artificial Muscle with Artificial Tendon 

A hybrid structure is designed to achieve integrated sensing and actuation with a compliant 

and conductive interface. The structure consists of a DE material as artificial muscle connected 

with carbon fibers as artificial tendon. Figure 3.2 shows the actuator design in cross-sectional view.  
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Figure 3.2. Design of bio-inspired artificial muscle connected with artificial tendon. 

The actuator has a typical sandwiched structure. The middle layer is a DE material. Compliant 

conductive material is pasted on both sides of the DE material as electrodes in the actuator’s 

working area. This could be made by pasting carbon particles, metal powders or other conductive 

soft materials on the DE surface. Carbon fibers are used as artificial tendon due to their compliance, 

strength, and electrical conductivity. A compliant bonding material is used to bond the carbon 

fibers with the DE actuator in the bonding area. On the other side of bonding material’s area, a 

small supporting plate is attached on the DE material to maintain the actuator’s shape when the 

structure is in tension. Since carbon fibers are perfect electrical conductor, the actuation voltage 

signal can be applied to the dielectric elastomer through the artificial tendon while the sensing 

signal can be collected through the carbon fibers. Due to their high mechanical strength, the carbon 

fibers are capable of outputting mechanical force to the external structure. When a high voltage 

(2-3 KV) is applied, the DE material can generate compliant contraction. Under mechanical 

stimulus, the DE material can also generate some electrical sensing signals because its electrical 

impedance varies with its deformation. The sensing signals can be collected through the carbon 

fibers. Overall, the hybrid structure incorporates the built-in sensing and actuation capabilities of 

DE material with the interfacing capability of carbon fibers. 
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3.1.2 Fabrication of Artificial Tendon with PDMS Bonding Material 

Artificial tendon which is capable of transferring mechanical output and electrical input 

can be realized by combining conductive polymer materials and functionalized carbon fibers. To 

verify artificial tendon’s bonding strength, PDMS material Ecoflex 0030 was used. This material 

is stored as two fluidic agents. During fabrication, Part A and Part B was mixed with 1:1 ratio and 

then stirred 4-5 minutes using the magnetic stirrer. Nitric acid (69.4%), Sulfuric acid (98%) mixed 

with 2:1 ratio and carbon fibers kept into the solution for 48 hours in room temperature for 

functionalization. A mold of muscle like strip shape was made before, the liquid mixture poured 

into mold. Then the mold was kept into a vacuum chamber for 30 minutes to remove oxygen from 

the mixture. The oxygen came out of the mixture forming bubbles within it. Then it was kept 24 

hours in room temperature for curing. After curing, carbon black was pasted on the both surfaces 

of the strip. Then, functionalized carbon fibers attached on the both ends with opposite direction 

with conductive glue. The connecting joints then covered with the mixture of PDMS and again 

kept for curing to strengthen the joint of fibers with elastomer. The function of carbon fibers is to 

connect the conductive surface (made by pasting carbon particles on the PDMS surface) with the 

electrical power supply cord. Simultaneously, it also acts like artificial tendon which carries the 

load subjected on the artificial muscle. 

3.1.3 Fabrication Result 

A strip actuator was fabricated to verify the bio-inspired artificial muscle design. A VHB 

tape strip with 15 cm by 6 cm in size and 0.5 mm in thickness was cut from a tape sheet (3M VHB 

4905). Two small plates of 1 cm by 6 cm size were attached to ends of the strip, as shown in Figure 

3. The plates were used as supportive component to maintain the shape of actuator at its ends. Then 

the strip was stretched by about 100 % in the longitudinal direction, and then fixed by a plastic 
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frame. ELFTEX 8 Carbon black from Cabot was used as electrode materials, and it was pasted on 

the both sides of the 3M VHB strip. To avoid short circuit at the edge, before pasting the carbon 

black, two plastic sheets were used to cover the edges of strip. After being pasted electrodes, the 

strip was released back to its original shape. At the released state, the overlapping area of both 

electrodes was about 115 mm by 5.7 mm. After the electrodes were made, two clusters of 

conductive carbon fibers made by Cytec were attached to the actuator. 

 

Figure 3.3. Fabricated artificial muscle connected with artificial tendon. 

For each cluster of fibers, their two ends were attach to the VHB tape and covered by PDMS, 

which provides high strength of bonding and still keeps the carbon fibers electrically connected to 

the conductive VHB surface. If a conductive PDMS38 could be used as the bonding material, this 

can significantly secure the electrical connection between the carbon fibers and electrodes. 

However, fabrication of the conductive PDMS with low resistance and high compliance is still 

challenging, which will be a focus in our future work. With the two ends fixed in the DE material, 

the carbon fibers are easy to be hooked up to a prosthetic arm system. Figure 3.3 shows a fabricated 

sample. 
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3.2 Experimental Results and Discussion 

Experiments have been conducted to characterize the actuator’s actuation and sensing 

capabilities as well as its energy efficiency, which provides critical experimental data for bio-

inspired prosthetic arm design. The actuation capability is characterized in terms of step response, 

input voltage versus maximum strain, and energy efficiency. The sensing capability is 

characterized in terms of surface resistance and capacitance versus strain. 

3.2.1 Characterization of the Actuation Capability 

In order to characterize its actuation capability, the actuator was vertically fixed on a metal 

frame. Figure 3.4 shows the experimental setup. 

 

Figure 3.4. Experimental setup of strip Actuator. 

A calibration weight load was attached on the lower end of the actuator. Driving voltage was 

generated by a dSPACE real-time control system and amplified by a PS350 high voltage power 
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amplifier made by Stanford Research System, INC. When a driving voltage was applied, the DE 

material created compression in thickness, and released its internal stress, the internal change of 

stress interacted with the external stretching force, which made the load move lower than its 

original position. When the driving voltage was off, the DE material’s internal stress was restored 

to its original level, then the load moved back to its original position. A Baumer OADM 

20I6441/S14F displacement laser sensor placed under the weight load was used to capture the 

loads real-time movement. To capture its time response, a 3 KV step voltage signal was applied to 

the actuator. The weight load was 150 grams. One set of captured data is shown in Figure 3.5. The 

data includes the actuators displacement, driving current, and driving voltage. There was a small 

charging current with a peak of 0.2 mA and then followed by a low leaking current. Overall, the 

actuator consumed very little input power (less than 33 mW) and the step response had 1.5 seconds 

delay and 3 seconds rising time. 

 

Figure 3.5. Displacement and current of the diaphragm actuator with a 150 g load under a 3 KV 
step voltage. 

 
In order to characterize the actuation performance under different pulse-wave signals and 

external loads, a series of experiments have been conducted with variations in period, amplitude, 
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and external load. The weight of load was changed from 50 grams to 200 grams with a 50 grams 

increased load at each step. The maximum amplitude of the signal was changed from 2 KV to 3 

KV. The period of the signal was changed from 4 seconds to 10 seconds. When using a pulse wave 

signal with a period of 2 seconds, the experimental results showed that there was no obvious 

movement in the actuator. Thus this actuator cannot work with 0.5 Hz or higher frequency driving 

voltage. Figure 3.6 shows the maximum displacements captured with different loads under 

different pulse wave signal inputs. 

 

Figure 3.6. Maximum strain versus load with different actuation signals. 

The maximum strain that the actuator can reach was 1%. It shows that with 150 grams load, the 

actuation performance reached its maximum point. It also shows that a larger deformation can be 

generally obtained with a higher driving voltage while other conditions remain the same. However, 

a higher than 5 KV voltage breaks down the DE material. 
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Based on the displacement, current, and voltage measurement in the former tests, the 

energy efficiency of the actuator can be calculated. When a voltage was applied on the actuator, 

the load object moved down. The electrical energy was converted into elastic energy stored in the 

actuator. After the driving voltage was turned off, the actuator released the stored elastic energy 

and lifted the load up. Hence the power efficiency can be calculated by: 

𝜂 =
𝑈𝑒𝑙𝑎𝑠𝑡𝑖𝑐
𝑈𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐

× 100% (3.1) 

where η is the power efficiency, Uelastic denotes the elasticity energy stored, and Uelectric denotes 

the electrical energy consumed. The electric energy Uelectric can be calculated by 

𝑈𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = ∫ 𝑢(𝑡)𝑖(𝑡)𝑑𝑡

𝑇
2

0

(3.2) 

Where T is the period of the signal, u(t) is the input voltage, and i(t) is the measured current. Since 

the load returns back to its original position when the voltage is off, the elastic energy Uelectric is: 

𝑈𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝑊𝑔 = 𝑚 ∙ 𝑔 ∙ 𝑑 (3.3) 

Where Wg denotes the work done by the gravity force of the load when the voltage is turned off, 

m is the mass, g is the gravitational acceleration, and d is the displacement of the load. The energy 

efficiency of the actuator under different parameter conditions is shown in Figure 3.7. It shows 

that the energy efficiency was generally increased with the load. The amplitude of driving voltage 

did not significantly affect the energy efficiency of actuator. The highest energy efficiency reached 

up to 0.7%, a possible reason is that the VHB tape was not stretched enough. Figure 3.7 also 

indicates that a higher efficiency could be achieved with a larger load. 
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Figure 3.7. Energy efficiency versus load under different actuation signals. 

3.2.2 Tension Test on Mechanical Bonding 

In order to measure the load carrying capability of mechanical bonding between 

functionalized carbon fibers and PDMS materials, one specimen strip with both kinds of materials 

was tested in tension test. One side of the strip was attached with the hook of the set up and another 

side was manually pulled by a human. The initial dimensions of strip were 9 cm in length, 3.4 mm 

in thickness, and 23.4 mm in width. The initial length of the strip was 9 cm and was stretched up 

to 28 cm by applying 31.2 N of tensile force. It was tried to stretch further but the sample slipped 

out of the grip. The highest elongation of strip was up to 28 cm. No physical damage or any plastic 

deformation was observed up to this force. Its dimensions remain the same like as initial. Figure 

3.8 shows the values of force at different times during elongation. The actual forces for the 
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corresponding elongations with time are peak values of the graph. In the figure some fluctuations 

are due to the shaking of human arm during the experiment. 

 

Figure 3.8. Tension test data. 

3.2.3 Characterization of the Sensing Capability 

Since the DE’s capacitance and surface resistance vary with its deformation, it would be 

possible to capture the actuator’s deformation through measuring its electrical impedance. To 

verify that, two tests were then conducted to characterize the relationship between the electrical 

impedance and strain. In the first test, a strip actuator with 28 mm by 34.56 mm in size and 0.5 

mm in thickness was fixed between the two jaws of a digital caliper (Westward, 1AAU4). The 

actuator was stretched when the jaws were moved by hand. Then the deformation data was read 

from the caliper’s display. The actuator’s artificial tendons were connected to a digital multi-meter 

(Fluke, Fluke-87-V) that measured the actuator’s capacitance. Figure 3.9 shows the experimental 

setup for the sensing test. 
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Figure 3.9. Experimental setup of self-sensing test. 

 

Figure 3.10. DE actuator’s capacitance under different strains. 

Figure 3.10 shows the capacitance of actuator changes with different stretching rate (strain). 

The minimum and maximum capacitance during the test was 0.1 nF and 0.133 nF, respectively. 

The relationship between the strain and capacitance was almost linear. When the material was 

stretched by 100%, its capacitance increased about 33%. The second test was conducted to find 
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the relationship between the surface resistance and strain. The experimental setup was similar as 

the former test. Additional carbon fibers were added to one side of the actuator. When the actuator 

was stretched with different strains, the multi-meter can measure the surface resistance between 

the two clusters of carbon fibers on one side of the DE material. The following Figure 3.10 shows 

how the surface resistance changed with the strain during the test. The surface resistance was more 

sensitive to the strain than the capacitance. When the material was in its original state, the 

resistance of a single electrode was 3.98 K. While the material’s was stretched by 100%, its surface 

resistance reached up to 90.8 K. It indicates that a 100% of longitudinal stretching leads to about 

22.5 times change of surface resistance. Figure 3.11 also shows that there is a linear relationship 

between the strain and surface resistance. This strain-dependent impedance effect can be utilized 

in the self-sensing of the actuator. 

 

Figure 3.11. DE actuator’s resistance under different strains. 
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CHAPTER 4 

INTEGRATED SENSING AND ACTUATION OF DIELECTRIC ELASTOMER 

ACTUATOR 

 

 

4.1 Bio-Inspired Artificial Muscle 

A DE material is placed in the middle of the structure. Compliant electrodes can be made 

by pasting carbon particles, metal powders, or other soft, conductive materials on both sides of the 

DE material. Bonding materials, such as 3M VHB tape or conductive PDMS polymer, are used to 

bond the connecting wire with the DE actuator in the bonding area. On the other side of bonding 

material’s area, a small supporting plate is attached to the DE material to maintain the actuator’s 

shape when it deforms. Specifically, if a conductive PDMS is used as the bonding material, this 

could significantly secure the electrical connection between the wires and electrodes on the 

dielectric elastomer. However, fabrication of the conductive PDMS with low resistance and high 

compliance is challenging, which will be focused in the future work. 

An actuator sample was also fabricated for later experiments. A 3M VHB 4905 tape strip 

of 15 × 7.5 cm size was cut from a tape roll. The strip was stretched in the longitudinal direction 

by 100%, and fixed in this state. Then, two wood plates, 10 × 1 cm in size, were attached in the 

middle of the stretched VHB strip and used as supportive components to maintain the shape of the 

actuator. Before pasting compliant electrodes, the edges of the DE membrane were marked with a 

pen so that the edges were isolated from each other to avoid electrical sparking. Inside the marked 

area, graphite powders (Hillman Inc.) were pasted on both surfaces of the VHB membrane as 

compliant electrodes. After the electrode material were spread generously on the surfaces, the 
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whole device was cut from the base strip. The device was nearly 9.4 × 10 cm, and the elliptical 

shape in the middle was due to the one-directional pre-stretching before cutting off the device. 

4.2 Experimental Results 

4.2.1 Actuation Dynamics 

 

Figure 4.1. Experimental setup of strip DE actuator. 

Figure 4.1 is showing a strip DE actuator under testing. The actuator was vertically fixed 

on a metal frame. A calibration weight load (100 gram) was attached on the lower end of the 

actuator. A driving voltage was generated by a dSPACE real-time control system and a high-

voltage amplifier (5HVA24-BP1-F, UltraVolt Inc.). When the driving voltage was applied, the DE 

material created a compression in thickness, and the internal change of stress interacted with the 

external stretching force, which made the load move lower than its original position. When the 



40 

 

driving voltage was off, the DE material’s internal stress was restored to its former level, and the 

load moved back to its original position. A Baumer OADM 20I6441/S14F displacement laser 

sensor placed under the weight load was used to capture load movements. A high voltage amplifier 

(5HVA24-BP1-F, UltraVolt Inc.) was used to generate a voltage up to 5,000 V, which was applied 

to the actuator. To drive the device, the actuation voltage was set between 100 and 4,900 V. A 

high-frequency probing voltage was added to the actuation voltage. Both voltage and current were 

measured by a dSPACE’s real-time control system (DS1104). The sampling rate of the dSPACE’s 

ADC units was set to 1 kHz. 

 

Figure 4.2. A data set form experiment of strip DE actuator. 



41 

 

In the first test, the actuation voltage was a sinusoidal wave with 0-4900 V (peak to peak) 

and 0.1 Hz. The amplitude and frequency of the probing voltage were set at 100 V and 50 Hz, 

respectively. Figure 4.2 shows the experimental results, where the first row shows the voltage 

applied to the actuator, including actuation voltage and probing voltage. The second sub-figure 

shows the measured current. The third sub-figure shows the displacement of weight load. The last 

sub-figure shows the magnitude of the current at the probing frequency. From Figure 4.2, one can 

see that there is a non-linear relation between the displacement and the magnitude. When the strip 

deformed, its length increased which led to a higher surface resistance and caused a decrease in 

the current magnitude. Hence, it is possible to find the mapping relation from the magnitude to the 

displacement of the actuator. 

Before determining the relationship between the actuator’s displacement and the probing 

signal, an empirical method was used to find a transfer function to approximate the actuation 

dynamics of the actuator. This procedure was conducted using the same experimental setup, and 

sinusoidal voltage inputs with different frequencies and magnitudes were fed to the actuator. All 

the displacement data was recorded, and FFT was performed to obtain the magnitude of the current 

response. The full voltage input range (0 - 5000 V) was normalized between 0 and 1. A frequency 

response of the actuator without probing signal was collected and a third-order transfer function 

with a cut-off frequency of 10.5 rad/s was used to approximate it, which is shown in Figure 4.3 

(a). To investigate the impact of probing signal on the actuation dynamics, a frequency response 

of the actuator with a probing signal (0.02 magnitude, 50 Hz) was collected and plotted in Figure 

4.3 (b). By comparing Figure 4.3 (a) and (b), one can conclude that the frequency responses with 

and without probing signal are very close and the probing signal does not affect the actuation 

response. The fitting transfer function for the actuator is shown as follow: 
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𝐺(𝑠) =
0.9537𝑠2 + 1.681𝑠 + 11.05

0.002286𝑠3 + 0.1159𝑠2 + 1.509𝑠 + 1
(4.1) 

Considering the actuator’s cut-off frequency, the probing signal’s frequency should be higher than 

21 rad/s. 

 

                     (a)                                  (b) 
Figure 4.3. Bode plot of dielectric actuator: (a) Model without probing signal; (b) Model with 

probing signal added. 
 

4.2.2 Self-Sensing with Polynomial Curve-Fitting Method 

Polynomial curve fitting is a useful tool to obtain the mapping relationship. Based on 

former experimental settings, data over a continuous four minutes was collected. A polynomial 

curve-fitting function was extracted from this four minutes of data. Another one minute of data 

was collected with the same experimental setup and used to verify the mapping function that was 

obtained from former experiments. Figure .4.4 (a) shows a second-order polynomial curve-fitting 

result of the four minutes of data. The measured and estimated displacements are plotted in Figure 

4.4 (b). In order to investigate the impact of probing frequency on the self-sensing performance, a 

series of probing signals with the same magnitude but different frequencies (30-100 Hz, in 10 Hz 

steps) were tested in experiments. The fitting curves are plotted in Figure 4.5. These fitting curves 
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with different probing frequencies have some differences, but the average estimation errors are 

similar. 

 

                      (a)                                 (b) 
Figure 4.4. Polynomial fitting result: (a) Second-order polynomial fitting curve of 50 Hz probing 
signal; (b) Comparison of measured displacement and self-sensed displacement with polynomial 

fitting. 
 

 

Figure 4.5. Comparison of fitting curves. 
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Table 4.1 shows the average error with different probing frequencies. Some data sets had an 

unusually high error level, which was probably due to some issues (disturbance, noise) occurring 

during the data collection process. However, other data sets also had a close error level. Hence, 

the probing frequency does not have a significant effect on the self-sensing accuracy. In order to 

minimize power consumption, the probing frequency should be as low as possible. Nevertheless, 

it is also very important to keep the sensing signal higher than a reasonable value to separate it 

from the driving signal. From Table 4.1, one can conclude that 50 Hz was the best probing 

frequency in terms of both low estimation error and low power consumption. 

Table 4.1 

SELF-SENSING ERROR OF DIFFERENT PROBING FREQUENCIES. 

Probing frequency (Hz) 30 40 50 60 70 80 90 100 

Error (%) 7.77 7.31 6.43 8.44 10.63 7.30 7.65 9.12 

 

4.3 Self-Sensing with Artificial Neural Network 

In order to reduce the estimation error of the self-sensing, an artificial neural network was 

employed to estimate the displacement output based on the magnitude of probing current signal. 

Artificial neural network (ANN) is a powerful tool for non-linear fitting. An ANN consists of one 

or several layers of artificial neurons. In a typical three-layer ANN, the first layer is referred to as 

the input layer, a hidden layer connects the input layer, and the last layer is called the output layer. 

Neurons in the hidden layer are connected to neurons in the first and last layers. Each neuron has 

its weight, bias, and transfer function, and with training data and training algorithm, all neurons 

are changing their weight and bias values to achieve the nonlinear fitting goal [84]. In this study, 

two types of ANN, normal ANN and enhanced ANN, were employed for estimating the 
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displacement output. Same data sets were used again for training the ANNs to fit the curve between 

the measured magnitude and the displacement. In the first test, a three-layer back-propagation 

neural network, which is a normal ANN, was built and trained by previous four minutes of data. 

Then the last one minute of data was used to verify the network. 

 

                      (a)                                 (b) 
Figure 4.6. ANN fitting result: (a) Neural network fitting curve of 50 Hz probing signal; (b) 

Comparison of measured displacement and self-sensed displacement with ANN fitting. 
 

Figure 4.6 (a) shows the fitting curve done by the neural network, and Figure 4.6 (b) shows the 

displacement curve. The sensed value of displacement peak was not ideal, but the overall error 

level was much better than polynomial curve fitting. With the neural network, the average error 

level for all measured data points was 2.74%, less than half of the former fitting result. Probing 

signals with different frequencies were also tested with neural network. Although some data sets 

were largely affected by noise or disturbance, other data sets showed a decreasing error level. 

Figure 4.7 shows the fitting curves of all frequencies. In order to obtain more accurate and robust 

self-sensing results, an enhanced ANN with additional data processing methods were used in 

following calculation: First, the FFT window was changed. In the former tests, each FFT window 

contained 1,000 data points and was separated, which means 60 data could only give 60 data points. 
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Figure 4.7. Comparison of ANN fitting curves. 

For more data points from a data set of the same length, a rolling window was employed during 

data extraction. The length of the FFT window was still 1,000 points, but each time the window 

was moved 500 points forward, the number of data point was doubled. Second, the input of the 

neural network did not have only one value but rather included one current magnitude value and 

one latest historical magnitude value. In this way, the neural network could discern the trend of 

the device’s displacement. The neural network had four neurons in this case, and worked with at 

least two magnitude-displacement data points. The fitting results of the 50 Hz probing signal has 

an average error level of 2.62% (compared to 2.74%); therefor, for well-collected data, these 

additional data processing methods would not give obvious enhancement of the fitting accuracy. 

However, when it came to heavily compromised data, such as data with a 70 Hz probing signal, 
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the nearly half of the error was diminished. In this case, it was only 5.30%, which was 11.54% 

before. The overview of fitting results with extra processing methods are shown in Figure 4.8. 

 

Figure 4.8. Comparison of enhanced ANN fitting curves. 

Table 4.2 

ANN SELF-SENSING ERROR OF DIFFERENT PROBING FREQUENCIES. 

Probing frequency (Hz) 30 40 50 60 70 80 90 100 

Error of normal ANN (%) 4.67 3.13 2.74 6.31 11.54 4.56 6.90 4.80 

Error of enhanced ANN (%) 4.18 2.32 2.62 3.25 5.30 2.48 2.72 4.75 
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By comparing these results with the former fitting results, it can be seen that the pattern of each 

fitting curve is more unified, which means that the fitting result is more robust than previous ones. 

Table 4.2 is showing the fitting errors of two ANNs. 

4.4 Integrated Sensing using Nonlinear Auto-regressive Network with Exogenous Input 

Nonlinear auto-regressive network with exogenous input (NARX) is widely used in 

prediction of time series, such as economic behavior, chemical process and identification of 

dynamic systems. In an NARX network, a system's output time series y(t) is considered as a 

function of the past values of the time series, and a second time series x(t): 

𝑦(𝑡) = 𝑓(𝑦(𝑡 − 1), 𝑦(𝑡 − 2),… , 𝑦(𝑡 − 𝑝), 𝑥(𝑡 − 1), 𝑥(𝑡 − 2), … , 𝑥(𝑡 − 𝑝)) (4.2) 

Where y(t-p) is the system's output at sampling time t-p, and x(t-p) is the system's input at sampling 

time t-p. Specifically, in this integrated sensing case, the system's sensing result y(t) is supposed 

to satisfy following equation: 

𝑦(𝑡) = 𝑓(𝑦(𝑡 − 1), 𝑥(𝑡), 𝑥(𝑡 − 1)) (4.3) 

 

(a)                                   (b) 

Figure 4.9. NARX fitting: (a) Input output structure of proposed NARX network; (b) Detection 
result of NARX network with 50 Hz probing signal. 
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Where y(t-1) is the system's previous output, x(t-1) is the previous input, and x(t) is the newest 

extracted magnitude of probing signal. Hence, the new ANN's input output structure is showing in 

Figure 4.9 (a). This NARX network has 3 input terminals, 7 artificial neurons in hidden layer, and 

1 neuron in output layer. Before input data into this ANN, the same data pre-processing method 

for enhanced ANN prediction is used here. The fitting result based on 50 Hz probing signal is 

showing in Figure 4.9 (b), one can see that the predicted curve fits the actual curve well, since this 

NARX network method can well address the nonlinearity of the actuator's displacement in the 

peak range. 

For a clear view of the improvement, the error level of all fitting methods are shown in 

Figure 4.10. 

 

Figure 4.10. Comparison of all fitting methods. 
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Since NARX network has better fitting accuracy in this case, more simulations were practiced to 

find out the impact of network's parameters on the fitting result. Based on the former NARX 

network, where input was sinusoidal wave with 100 V - 4900 V magnitude and 0.1 Hz frequency, 

and probing signal was sinusoidal wave with 100 amplitude and 50 Hz frequency. The size of 

hidden layer was changed from 5 neurons to 15 neurons, and the fitting error is shown in Figure 

4.11 (a). From the figure one can see too small or too large hidden layer size are not helpful for a 

better fitting result, only set the hidden later with a proper size will give good fitting accuracy. 

Since the complexity of the network did not increase too much in this simulation, all the training 

steps are finished in 3 s. The effect of input series' length was also tested with a NARX network 

of 7 hidden neurons, and the same input and probing signal. By changing the input time series' 

length from 2 to 10, the corresponding error levels are shown in Figure 4.11 (b). One can see that 

longer input series generally gives better fitting result, but that also requires more computation 

resource, longer training time, and longer initial time for the network to output detection result. It 

is recommended to make a proper tradeoff between fitting accuracy and resources requirements. 

 

Figure 4.11. Error analysis: (a) Fitting error level with different hidden layer size; (b) Detection 
error rates with different lengths of input series. 
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CHAPTER 5 

ROBUST CONTROL OF DIELECTRIC ELASTOMER DIAPHRAGM ACTUATOR 

FOR HUMAN PULSE REPLICATION 

 

 

5.1 Motivation 

Remote diagnose is an emerging research topic which has attracted many researchers’ 

attention. With the help of remote diagnose technologies, patents are able to receive medical 

services at home, get pre-screening before they reach the hospital, or even get early warning before 

emergency situation happens [88, 89, 90, 91, 92, 93]. Although transmitting of images, sounds, 

and key physical data is widely used in remote medication process, there lacks effective method 

to transform real-time and accurate information which is needed for accurate diagnosis, such as 

tactile and olfactory information. For example, a traditional Chinese medical doctor needs to touch 

the wrist of a patent and feel the pulses to diagnose the patient’s health status [94]. In order to 

achieve an effective diagnose, a medical device located at the doctor’s site is needed to reproduce 

the pulse signal measured at the patent’s site. Another possible application is in a remote surgical 

operation, when a surgeon is cutting the patients tissue through a medical robot, if the surgeon can 

have some kind of feedback from the robot arms, it would help the surgeon to make more accurate 

estimate of the situation, such as tumor or important vein behind tissues. The collecting of tactile 

pressure was successfully performed by researchers in Hongkong [95]. However, how to 

reproduce the measured pulse is still challenging since the biological tissue’s compliant movement 

cannot be well produced by traditional motors, whose movement is mechanical-like. Hence, a soft 

actuator, which is capable of generating compliant movement, is needed in this kind of medical 

activities. 
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5.2 Fabrication of Diaphragm Actuator 

The chosen material and fabrication method were adjusted from form chapter 1. The design 

of the diaphragm actuator is shown in Figure 5.1. 

 

Figure 5.1. Design of diaphragm actuator. 

A 1.5875 mm thick, 152.4 × 152.4 mm birch-wood plate was used for making a wood frame. 3M 

VHB-4910 tape was selected as the DE material. Graphite powder (Hillman Inc.) was selected as 

material for the compliant electrodes, since the dry graphite electrodes could sustain many 

actuation cycles and long storing time, which is good enough for experimental purpose. The radius 

from the center of the diaphragm to its inner edge was 68.58 mm. After that, all needed components 

were cut from the birch-wood plate using an Epilog Laser Fusion cutter system. Then a 76.2 × 

76.2 mm strip of VHB-4910 tape was attached with a circled horse pipe. By rolling the horse pipe, 

the tape was stretched by 100% uniformly in plane. Then the tape was fixed on the wood frame 

under the pre-stretched state. Two covering plates were attached in the same way at the center of 

the membrane. After the rigid components were firmly fixed on the VHB tape, the excessive VHB 

tape outside the frame was cut off. Since the central area of the elastomer membrane was not coated 
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by electrodes, a rigid plate for supporting the weight load was placed in the center of the actuator, 

and the radius of the covering plate was 12.7 mm. Graphite powder was then pasted on both sides 

of the uncovered area of the elastomer membrane, in order to make compliant and conductive 

electrodes. Copper fibers were simply attached on the electrodes to form the electrical connection. 

Figure 5.2 shows the diaphragm actuator ready for testing. 

 

Figure 5.2. Fabricated diaphragm actuator. 

With this design, the small rigid plate was used to hold he weight load. The actuator itself 

was held horizontally by its frame in order to let the central plate over vertically. When a 

calibration weight was placed on the covering plate, the diaphragm actuator was able to deform 

downwards to a position that balanced the gravity of the weight load. Then a driving voltage was 

applied to the diaphragm. The Maxwell stress between the actuator’s electrodes changed he DE’s 

internal stress balance and forced the elastomer to deform so that the actuator lowered the weight 

load’s position on a new balance state. When the driving voltage was removed, the load returned 
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to its default balanced position. For the safety concern, the upper side of the actuator is always 

grounded, and the other side is connected to high voltage could be contained in a small box to 

allow the actuator moving freely. 

5.3 Modeling and Identification of DE Diaphragm Actuator 

A practical and reliable model is greatly needed in robust control design. Suo and 

colleagues have developed a physical model for a DE actuator, which is mainly described in partial 

differential equations (PDEs) [1, 54]. Figure 5.3 is showing how a diaphragm actuator deforms. 

 

Figure 5.3. Sketch of a deformed diaphragm actuator. 
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The figure is a sectional view of the actuator. Here set the center as original point, x-axis is pointing 

downward, and y-axis is pointing to the right. Before the elastomer membrane deforms, mark a 

particle in the membrane, the distance between the particle and the center of the diaphragm is R. 

Point A is the inner edge of the membrane, which has a distance of a to the central axis. Similarly, 

point B is the outer edge, and the distance between B and central axis is b. After put a weight load 

on the disk, the membrane deforms, and the particle moves to a new position. Its new position has 

a distance of z below the plane of the un-deformed membrane, and a distance of r to the central 

axis of the actuator. Because this actuator is axial symmetry, it needs a sectional figure for full 

description of the membrane’s shape. Suo et al developed the model for the membrane’s shape as 

following PDEs and an algebraic equation [54]. 

𝑑𝑟

𝑑𝑅
= 𝜆1𝑐𝑜𝑠(𝜃) (5.1) 
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𝑟
)
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These equations fully describe three functions: r (R), θ (R), and λ1 (R), where r (R) is the distance 

between particle and central axis, λ1 is the longitudinal stretches, θ is the slope connecting two 

particles, s1 is the nominal longitudinal stress, s2 is the nominal latitudinal stress, Φ is the voltage 

applied on the membrane, m is the mass of load, and g is gravitational acceleration. The boundary 

conditions are r (A) = a, and r (B) = b, where A and B are the distances from the membrane’s inner 

edge and outer edge to the disk’s center, when the membrane is un-deformed, a and b are the 

membrane’s inner and outer radius, respectively. This model is used for static cases. When the 

load is moving, it is needed to consider the three functions r (R), θ (R), and λ1 (R) are also as 
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function of time. Hence, use a variable x1 to denote the vertical movement of the disk, here the 

shape related functions are rewritten as r (R, t), θ (R, t), and λ1 (R, t), then the algebraic equation 

can be rewritten as following equation.  
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Where ẍ1 is the acceleration of the disk. Let x2 = ẋ1, then ẍ1 = ẋ2, together with the previous PDEs, 

a state space model can be formed to show the membrane’s shape and the dynamics of the disk. 
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(5.5) 

Since the system is driven by the voltage applied on the membrane surface. Assuming the 

actuator’s circuit structure can be equivalent to a classic resistor-capacitor (RC) circuit, which is 

showing in Figure 5.4. 

 

Figure 5.4. Circuit model of the diaphragm. 

Then the relationship between the input voltage u and voltage on the membrane surface Φ can be 

presented as following equation. 
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𝑅𝑐𝐶
𝑢 (5.6) 
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where Rc is the resistance, and C denotes the actuator’s capacitance. Let Φ = x3, together with the 

previous state space equations, the full model is as following equations. 

{
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(5.7) 

Considering a classic spring-damping-mass system, the system’s model is following equation. 

𝑚�̈� = 𝑚𝑔 − 𝜉�̇� − 𝑘𝑥 (5.8) 

where x is the position of mass dot, g is gravitational acceleration, ξ is damping ratio, and k is the 

spring constant. Compare this equation to the fourth equation of the previous state space equation 

set, one can see that the DE membrane serves as the spring and damping components, assuming 

the DE actuator can be approximated as damping-spring component, then the functions r (R, t), θ 

(R, t), and λ1 (R, t), should also related to the state variables x1, x2. Hence the shape-related 

functions should be rewritten as r (R, x1, x2), θ (R, x1, x2), and λ1 (R, x1, x2). These state variables 

are heavily coupled, finding the explicit relationship between the displacement x1 and input voltage 

u is extremely difficult. Hence, the PDEs are not practical in model-based controller design. To 

obtain a practical model, in this paper, an empirical modeling approach was used to obtain a 

transfer function relating the actuator’s output to the input voltage. Although obtaining a general 

purpose model is difficult, in this application, instead of performing large deformation, the actuator 

only needs to work near its equilibrium point, and the overall deformation is small. In this 

application, there is no need to know the complete shape of the membrane, take R = b as a particle 
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which is very close to the membrane’s outer edge. Then the state space model with reduced order 

is as below equation. 

{
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(5.9) 

The equilibrium states can be obtained by putting a weight load on the central disk, and removing 

the input voltage. Wait until the disk reaches a static position, the equilibrium states are x1 = x01, 

x2 = x02, x3 = x03, u = 0, r (b, x01, x02), θ (b, x01, x02), and λ1 (b, x0, x02). Then the linearize system 

near its equilibrium point is as follows: 

{
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(5.10) 

Where 

𝑓1 =
1

𝑚

(

 
 
 
 
𝑏𝜆1𝑐𝑜𝑠(𝜃)

𝜕𝜃

𝜕𝑥1
+ 𝑏𝑠𝑖𝑛(𝜃)

𝜕𝜆1
𝜕𝑥1

−
𝑥3
2𝑟2𝜆1
𝑏

𝑐𝑜𝑠(𝜃)
𝜕𝜃

𝜕𝑥1
+

𝑥3
2𝑟2

𝑏
𝑠𝑖𝑛(𝜃)

𝜕𝜆1
𝜕𝑥1

−
2𝑥3

2𝑟

𝑏

𝜕𝑟

𝜕𝑥1
−

𝑏3

𝑟2𝜆1
3 𝑐𝑜𝑠(𝜃)

𝜕𝜃

𝜕𝑥1
+

2𝑏3

𝑟3𝜆1
3 𝑠𝑖𝑛(𝜃)

𝜕𝑟

𝜕𝑥1
+
2𝑏3

𝑟2𝜆1
4

𝜕𝜃

𝜕𝑥1 )

 
 
 
 

𝑥1=𝑥01,𝑥2=𝑥02

(5.11) 

𝑓2 =
1

𝑚

(

 
 
 
 
𝑏𝜆1𝑐𝑜𝑠(𝜃)

𝜕𝜃

𝜕𝑥2
+ 𝑏𝑠𝑖𝑛(𝜃)

𝜕𝜆1
𝜕𝑥2

−
𝑥3
2𝑟2𝜆1
𝑏

𝑐𝑜𝑠(𝜃)
𝜕𝜃

𝜕𝑥2
+

𝑥3
2𝑟2

𝑏
𝑠𝑖𝑛(𝜃)

𝜕𝜆1
𝜕𝑥2

−
2𝑥3

2𝑟

𝑏

𝜕𝑟

𝜕𝑥2
−

𝑏3

𝑟2𝜆1
3 𝑐𝑜𝑠(𝜃)

𝜕𝜃

𝜕𝑥2
+

2𝑏3

𝑟3𝜆1
3 𝑠𝑖𝑛(𝜃)

𝜕𝑟

𝜕𝑥2
+
2𝑏3

𝑟2𝜆1
4

𝜕𝜃

𝜕𝑥2 )

 
 
 
 

𝑥1=𝑥01,𝑥2=𝑥02

(5.12) 



59 

 

𝑓3 = −
2𝑟2𝜆1
𝑚

𝑠𝑖𝑛(𝜃)|
𝑥1=𝑥01,𝑥2=𝑥02

(5.13) 

Hence the system’s linearization model is a third-order system, and the state x1, x2 are heavily 

coupled with the membrane’s shape states. In practical case, it is very difficult to obtain the 

distance, angle, and strain with respect to central disk’s position and speed, also, the partial 

derivatives are impractical to be analytically obtained. But it can be seen that the equation relating 

to Δx2 is in the form of a typical damping-spring system’s equation, f1 serves as a spring constant, 

f2 serves as a damping ratio, and f3 is a gain of input. Then the equations relating to Δx1 and Δx2 

form as a second-order system, which is using Δx3 as input. The equation showing Δx3 is a first-

order system, which presents the circuit model. The frequency response of the actuator was needed 

to identify the parameters in the transfer function. Figure 5.5 shows the experimental setup for 

actuation test which measured the frequency response of the DE actuator. 

 

Figure 5.5. Experimental setup. 
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A 100-g weight load was put on the covering plate, and a Baumer OADM 20I6441/S14F laser 

displacement sensor was used to measure the weight load’s movement. The measurement range of 

this distance sensor was 30-70 mm, good enough for the experiments. The diaphragm was 

connected to a high-voltage amplifier (5HVA24-BP1-F, UltraVolt Inc.), which was capable of 

outputting up to 5000 V. This high voltage satisfied the driving voltage requirement of the 

diaphragm actuator. The laser sensor was connected to a DS1104 dSPACE system for collecting 

the output data. The power supply was also connected to the dSPACE system for controlling the 

voltage applied on the actuator, and reading the current of charging and discharging on the device. 

Took the Rc and C as one parameter RcC. By measuring the membrane’s voltage and current values, 

the parameter was measured as RcC = 1/0.0045, The transfer function of the circuit model was as 

following equation. 

𝐺2(𝑠) =
1

0.0045𝑠 + 1
(5.14) 

The following steps were taken to obtain the frequency response of the actuator. The voltage range 

of the amplifier was normalized from 0 to 1, with 1 meaning a full 5000 V output. Sinusoidal 

signals of 0.2 magnitude with different frequencies were fed into the amplifier, and the response 

magnitudes were calculated through a fast Fourier transformation algorithm. The frequency 

sweeps from 0.1 Hz 13 Hz so that the low frequency response has been tested to capture the 

viscoelastic behavior of a VHB tape. The same procedure was repeated with 0.2, 0.4 and 0.5 input 

magnitudes. All the measured frequency response data were plotted in a bode plot. After obtaining 

the frequency responses, a third-order transfer function was used to approximate the magnitude 

response data points by minimizing the curve’s mean square error between data points. Figure 5.6 

shows the bode plot of the transfer function and experimental data. 
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Figure 5.6. Bode plot of the system and its approximation with a nominal transfer function. 

The transfer function obtained from these procedures was below equation: 

𝐺1(𝑠) =
1350.14

𝑠2 + 15.96𝑠 + 1444
(5.15) 

Hence, the overall linearized transfer function was the following equation: 

𝐺(𝑠) =
1350.14

0.0045𝑠3 + 1.07182𝑠2 + 22.458𝑠 + 1444
(5.16) 

 

Figure 5.7. Model of the system’s uncertainty. 
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This black-box model captured the dynamics of the entire system, including dynamics of the 

controller, amplifier, and actuator. In order to estimate the modeling error, all absolute magnitude 

errors between the experimental data and the simulated data were plotted out in Figure 5.7. Then 

a second-order transfer function Ws(s) was used to cap the magnitude of the modeling error. In 

other words, Ws(s), a bound of the system’s uncertainty, was obtained. Hence, the Ws(s) was: 

𝑊𝑠(𝑠) =
487.5

𝑠2 + 45𝑠 + 2500
(5.17) 

From equation (5.10), the system’s transfer function is as following equation: 

𝐺(𝑠) =
𝑓3

𝑅𝐶𝐶𝑠3 + (1 − 𝑓2𝑅𝐶𝐶)𝑠2 − (𝑓1𝑅𝐶𝐶 + 𝑓2)𝑠 − 𝑓1
(5.18) 

By comparing (5.18) with (5.16), the parameters are f1 = -1444, f2 = 15.96, f3 = 1350.14. Hence, 

the linearized state space model is: 

{

Δ�̇�1 = Δ𝑥2
Δ�̇�2 = −1444Δ𝑥1 − 15.96Δ𝑥2 + 1350.14Δ𝑥3

Δ�̇�3 = −
1

0.0045
Δ𝑥3 +

1

0.0045
Δ𝑢

(5.19) 

In order to verify the nominal model (4.16), a step response under 5000 V was measured. 

Figure 5.8 shows that under a 5000 V step voltage, a 2 mm (approximate 4% of strain in terms of 

radius change) displacement was achieved with less than 0.5 s settling time. The step response 

curve of the diaphragm was similar to the step response of an under-damped second-order system. 

From Figure 5.6, the natural frequency of the second order system was measured at 40 rad/sec. 

Since the diaphragm actuator was more like a spring-mass system, the natural frequency can be 

described by: 

𝑓 =
1

2𝜋
√𝑘 𝑚⁄ (5.20) 
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Where k is the spring constant of the diaphragm actuator, and m is the mass of the load. From 

equation (5.18), m = 0.1 kg, and f = 40/2π Hz. The spring constant can be calculated as k = 160 

N/m. 

Based on the identified empirical model (5.16), a step response was simulated and plotted 

in Figure 5.8 is showing that the model can predict the step response of the actuator, and the 

average error between measured values and simulation results at steady-state was 6.91%, the 

steady state error is relatively large due to the model error. Since the approximated model ignores 

the actuator’s visco-elasticity, when the input lasts for a period, the actuator will further displace 

for a small distance. 

 

Figure 5.8. Displacement of the actuator under a 5 KV step voltage. 

5.4 H-Infinity Control Design 

The major challenge of the controller design is to track a multi-frequency reference with 

consideration of sensing noises, disturbances, and systems uncertainty. The reason that the authors 

choose H-infinity control is that H-infinity is robust to sensing noises, disturbance, and systems 
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uncertainty [82]. A standard H-infinity control design approach was used to design a robust control 

of the DE actuator. As shown in Section 5.2, a linear model was used to approximate the dynamics 

of the DE actuator, the system’s uncertainty cannot be avoided due to the nonlinear elasticity of 

soft material and un-modeled dynamics. When designing a robust control for the actuator, the 

system’s uncertainty must be considered to ensure the internal stability of the system. Consider 

the system’s block diagram as shown in Figure 5.9. 

 

Figure 5.9. Block diagram of the control system. 

Where G(s) is the nominal plant of the system. Δa is an additive uncertainty, which is defined as 

the error between the response magnitudes of the nominal plant and the measured values; and 

signal d1 denotes the disturbance and d2 denotes the sensing noise. In order to evaluate the 

robustness of the controller, two artificial outputs z1 and z2 are added into the system and two 

performance weights Wu(s), We(s) are associated with them, respectively. z1 and We(s) are used to 

evaluate the control effort while z2 and Wu(s) are used to evaluate the tracking performance. The 

H-infinity controller K(s) is designed to minimize the H-infinity norm of the transfer function from 

[d1, d2] to [z1, z2], thus the H-infinity control can minimize the impact of the sensing noise and 

disturbance on the tracking performance and control effort. Based on the design rule of H-infinity 

control, the weight functions of Wu(s) and We(s) were chosen as: 
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𝑊𝑢(𝑠) =
0.1𝑠 + 0.0006283

0.0001𝑠 + 62.83
(5.21) 

𝑊𝑒(𝑠) =
0.2𝑠 + 6.283

𝑠 + 0.0006283
(5.22) 

By using the hinfsyn function in Matlab, the designed H-infinity controller was obtained as: 

𝐾(𝑠) =
30.4975𝑠2 + 1232.4466𝑠 + 81241.5075

𝑠3 + 17.5212𝑠2 + 5833.5515𝑠 + 3.6648
(5.23) 

In order to analyze the system’s internal stability with the controller K(s) and system’s uncertainty 

Δa(s), the control system shown in Figure 5.9 can be redrawn as Figure 5.10. 

 

Figure 5.10. Feedback connection of Ms(s) and Δa(s). 

The transfer function Ms(s) can be written as: 

𝑀𝑠(𝑠) =
𝐾(𝑠)

1 + 𝐺(𝑠)𝐾(𝑠)
(5.24) 

Based on the small-gain theorem [82], in order to maintain the system’s internal stability, the H-

infinity norm of the system’s transfer functions Ms(s) and Δa(s) must satisfy the condition: 

‖𝑀𝑠(𝑠)‖∞ <
1

‖𝛥𝑎(𝑠)‖∞
(5.25) 

With (5.23), (5.24), and (5.25), one can calculate the H-infinity norm ‖Ms(s)‖∞ = 1.7687. The 

H-infinity norm of uncertainty ‖Δa(s)‖∞ < ‖Ws(s)‖∞ = 0.2426. One can get  

‖𝑀𝑠(𝑠)‖∞ <
1

‖𝛥𝑎(𝑠)‖∞
= 4.1218 (5.26) 
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Which satisfies the internal stability condition (5.26). 

5.5 Experimental Results 

One goal of this research is using the actuator for the human pulse tracking purpose. Since 

The human pulse signal consists of multi-frequency components, in this Section, the multi-

frequency tracking performance and robustness of DE actuator is introduced first. Then the human 

pulse replication is described second. 

5.5.1 Multi-frequency Reference Tracking 

After the DE actuator and controller were ready for use, the first experiment was designed 

to verify the multi-frequency tracking capability and robustness of the controller. A multi-

frequency reference signal was chosen to show the controller’s tracking and noise-resistant 

capabilities. The reference signal was the sum of three sinusoidal waves: 

𝑟(𝑡) = 0.2𝑠𝑖𝑛(0.4𝜋𝑡 + 1.5𝜋) + 0.2𝑠𝑖𝑛(0.1𝜋𝑡 + 𝜋) + 0.1𝑠𝑖𝑛(0.8𝜋𝑡 + 0.5𝜋) (5.25) 

In order to eliminate the noise in the laser sensor output, an additional low-pass filter was used: 

𝐺𝑓𝑖𝑙(𝑠) =
40𝜋

𝑠 + 40𝜋
(5.26) 

 

Figure 5.11. System’s response with H-infinity controller. 
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Figure 5.11 shows the output response with the H-infinity controller. To show the control effort 

and power requirement, the mean square value of normalized voltage (linearly normalized form 0-

5,000 volt into 0-1) was used as the control effort index, and the average power in a single input 

period was also calculated. 

The control effort for the H-infinity control was 0.3431. In a single period, the average 

power was 0.3186 W (negative current values were set to 0, since there was no power recycling, 

which was applied to all power measurement results in this paper). The average tracking error level 

was 0.0107 mm, which was 2.15 % of the maximum reference magnitude. In comparison, an auto 

tuned PID controller was tested in this system. 

 

Figure 5.12. System’s response with PID controller. 

The PID controller’s parameters were tuned in Matlab, which were P = 3.1738, I = 48.6620, D = 

0.0443, and N = 9630.0667. However, PID controller could not provide enough robustness, due to 

the system uncertainty and measuring noise, the system lost its stability in the experiment. A 

manually tuned PID controller requires lots of experiences and time to achieve the similar 

performance. For a quick comparison, the PID controller’s parameters were set manually, where 
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P = 1.7, I = 24.331, D = 0, and N = 9630.0667 the tracking result of PID controller is showing in 

Figure 5.12. 

A high frequency sensing noise, d1(t) = 0.02sin(100πt) was added on the sensing channel. 

The disturbance made the increase of the control effort and the error level, which were 0.3565 

(average 0.3355 W in a single period) and 0.0107 (2.13%) for the H-infinity controller. Figure 

5.13 shows the output for the H-infinity controller with both sensing noise and a constant 

disturbance. With the H-infinity controller, an error level of 0.0117 mm was obtained, or 2.34% 

of the reference magnitude, while the control effort was about 0.2935, with the average of 0.2589 

W in a single period. Since the H-infinity controller optimally filtered out the disturbance signal 

and sensing noise in the control output, the H-infinity controller reduced the effect of disturbance 

and noise on the output. 

 

Figure 5.13. System response with the H-infinity controller after adding a constant disturbance 
and sensing noise. 

 
In summary, the average error, control effort, and power of the H-infinity controller under 

different conditions are shown in Table. 5.1. 
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Table 5.1. 

PERFORMANCE OF H-INFINITY CONTROL 

 Average error (mm) Control effort index Average power (W) 

Normal 0.0107 (2.15%) 0.3431 0.3186 

Constant disturbance 0.0114 (2.28%) 0.3008 0.2678 

Sensing noise 0.0107 (2.13%) 0.3565 0.3355 

Disturbance & noise 0.0117 (2.34%) 0.2935 0.2589 

 

5.5.2 Human Pulse Replication 

As the first application, the DE diaphragm actuator was applied to replicating a human 

pulse pressure. Figure 5.14 shows how a Chinese medicine doctor feels the pulse from a patient’s 

twist. A medical device developed by Lee and Chan [95] was used to collect human pulse pressure 

signals at the City University of Hong Kong. In one embodiment, the device included a robotic 

finger comprising a humanoid-finger structure, and a membrane for transferring an actuating force 

to the structure at an actuation point thereon and along an actuation direction. One end of the 

structure was mounted to a fulcrum, and another end had a sensing area. 

 

Figure 5.14. A traditional Chinese medicine doctor is checking a patient’s vessel pulse. 
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The robotic finger was configured such that, when the sensing area contacted a person’s wrist, a 

first perpendicular distance from the fulcrum to a first line was substantially longer than a second 

perpendicular distance from the fulcrum to a second line, where the first line was a straight line 

passing through a sensing point of the sensing area and substantially perpendicular to the sensing 

area, and the second line was a straight line passing through the actuation point and oriented along 

the actuation direction. 

Figure 5.15 shows a human pulse pressure from the Cun location of a healthy person, and 

Figure 5.16 shows the spectrum of the pulses. From the human pulse signal shown in Figure 5.15, 

it can be seen that the peak-to-peak pressure difference of pulse signal was 827.3709 Pa. From the 

spectrum of the pulse (Figure 5.16), the fundamental frequency was 1.172 Hz, the second mode 

harmonic frequency was 2. 34 Hz, and the third-mode harmonic frequency was about 3.906 Hz. 

In Figure 5.16, the cut-off frequency of the DE actuator was 8 Hz, which means that, theoretically, 

the DE actuator is capable of replicating human pulse in terms of matching its up-to fifth-mode 

harmonic frequency components. 

 

Figure 5.15. Measured human pulse from the Cun location on the wrist of a healthy man. 
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Figure 5.16. Spectrum of the human pulse signal. 

The human pulse pressure signal was then sent to WSU in the U.S. through the Internet. To 

reproduce the pulse signal, one should first convert the pressure signal in Pascal to the 

displacement in mm since the actuator’s output was displacement. In section 5.3, the measured 

spring constant was k = 160 N/m, and the area of the small plate was S = πr2, where r = 6.35mm. 

The equivalent pressure, which could generate a 1-mm displacement, was calculated as 1296.2144 

Pa/mm. Since the peak-to-peak of the human pulse pressure was 841.16039 Pa and the actuator 

was able to generate up to 1 mm displacement (Figure 5.11), it could be concluded that the actuator 

was capable of replicating the human pulse signal in terms of matching its magnitude. In the real-

time implementation, the pulse signal was converted into a reference signal in displacement, and 

then put into the dSpace system. Figure 5.17 shows the results of tracking a real human pulse 

pressure. 
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Figure 5.17. Tracking of the human pulse signal. 

The output pressure tracked the pulse signal well for its low-frequency components but with some 

small tracking errors for its high-frequency components, and there was a small time shift of nearly 

40ms. The voltage output was less than 5 KV, which verified that the DE material was safe under 

that voltage. Experimental results have shown that the DE actuator with its robust control was 

capable of replicating the human pulse pressure signal. 

This actuator was able to output displacement value as a demonstration of the capability of 

DE actuator. Further experiment was designed to make the actuator output pressure value. By 

replacing the weight load with a load cell, and let the load cell to push the central disk down. The 

actuator was interacting with the force given by load cell, and the pressure change could be 

measured by the load cell. The result of pressure tracking is shown in Figure 5.18. With the same 

pressure input, the actuator’s pressure output was showing in the following figure. One can see in 

this working mode the actuator was not affected by the inertia of weight load, the delay time in 

response was less than former result. 
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Figure 5.18. Pressure tracking of the human pulse signal. 

  



74 

 

CHAPTER 6 

DESIGN AND MODELING OF A DIELECTRIC ELASTOMER BASED 2-DOF 

MANEUVERABLE LASER MANIPULATOR 

 

 

6.1 Motivation 

Laser optical systems are widely used in modern societies, from heavy industrial equipment, 

such as laser cleaning system and laser 3D printing system, to small consuming electronics, such 

as optical drive and laser projector. In laser cleaning systems, high energy laser pulse is projected 

and focused on rusty metal surfaces. The rust will absorb laser energy and be vaporized due to 

high temperature, while shiny metal base is undamaged. Aside of the laser generator, a precise 

servo system is needed to make the laser beam get its job done. The servo system should be able 

to focus the laser beam on the working surface and let the laser beam uniformly scan over the 

component surface. By doing this, the laser beam can remove rust on metal surface without damage 

the metal component [96]. In optical drives, their servo systems are helping to focus the laser beam 

to focus on the disks data layers, and the photoelectric sensors can read changes in the incoming 

laser beam [97, 98]. These laser servo systems are usually driven by electromagnetic motors, and 

have complex mechanic transmission structures. In traditional applications, these systems can 

achieve their goals well. But in some special applications, their intrinsic features largely limit their 

usage. For example, in orbital laser communication, it requires the precise pointing of laser source 

to receiver. Thus, the laser servo system which contains precise mechanical structures shall be 

resistant to the drastic vibration during launching procedure, and be as light as possible. Also, in 

Magnetic Resonance Imaging (MRI) or colliding beam accelerator equipment, if there is any need 

to install an optical servo system under these environment, the existence of strong magnetic field 
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will eliminate the possibility of using electromagnetic based devices. Hence, a new type of laser 

beam manipulator, which can provide the features of light weight, vibration resistance, and non-

electromagnetic based actuation mechanism is needed. 

In this chapter, a new type of laser servo device is proposed, which consists of DE material 

and corresponding structure. The new servo device’s soft material and non-electromagnetic 

working mechanism render it suitable for dangerous environment where traditional motors cannot 

survive. Moreover, the manipulator’s gearless and soft structure gives it excellent resistance to 

mechanical attrition and vibration. Hence, this new servo system is expected to meet the 

requirements of working in strong magnetic field, high vibration, or weight-sensitive applications, 

such as MRI environment, or orbital applications. 

6.2 Design and Fabrication 

6.2.1 Design of 2-DoF Maneuverable DE Actuator 

In a laser optical system, laser beam generated by laser source is reflected to a desired 

position by a servo system. Based on the working principle of DE actuator, a new type of laser 

manipulator is designed to reflect laser beam to a certain position or tracking a reference trail. 

 

Figure 6.1. Top view of designed DE actuator 
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Figure 6.1 is showing the top view of designed DE actuator. A rigid frame is used to pre-

stretch the DE membrane, at the center of the DE membrane is a small mirror used to reflect 

incoming laser beam. The compliant electrodes on DE membrane are patterned into four areas, 

which are a, b, c, and d area. In order to control the mirror’s tilting angle, a vertical pre-stretching 

force is needed. Figure 6.2 is the intersectional viewing of how the DE membrane is vertically pre-

stretched, which can be done by an weight load or a small object pushing the central mirror. The 

central mirror is pushed upward by its central point, and the central point is fixed to avoid planar 

movement while allowing the rotation in x- and y-axis. Activation of any single area of the 

electrode will release the corresponding part of DE membrane, and that will cause the central 

mirror turns to the opposing direction of the activated area.  

 

Figure 6.2. Intersectional view of pre-stretched DE actuator. 

For example, activating a area will release the membrane, since the force from other parts remain 

the same, the mirror will turn to the c areas’ direction, which is positive x-axis direction by right 

hand rule. Thus, it is possible to control the central mirror’s tilting angle in two axes by activating 

a, or b area. In this design actuator does not have complex mechanical structure, which means the 

actuator do not have physical attrition in it, its reliability and life time will be improved. The 
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actuator has soft material as core component, it can be seen that this device is naturally resistive 

to external vibration, because there is no attrition between the moving components within the 

actuator. What is more, the actuator does not rely on electromagnetic mechanism, which allows it 

to work in strong magnetic field. The simple structure of the actuator also means it is economical 

for manufacturing. 

6.2.2. Fabrication of 2-DoF Maneuverable DE Actuator 

 

Figure 6.3. A fabricated 2-DoF maneuverable DE actuator. 

A 1.5875 mm thick, 152.4 × 152.4 mm birch-wood plate was used for making a rigid frame. 

3M VHB-4910 tape was selected as the DE material. Graphite powder (Hillman Inc.) was selected 

as material for the compliant electrodes, since the dry graphite electrodes could sustain many 

actuation cycles and long storing time, which is good enough for experimental purpose. The radius 

from the center of the DE actuator to its inner edge was 68.58 mm. An Epilog Laser Fusion cutter 

system was used to cut the needed components. A 76.2 × 76.2 mm strip of VHB-4910 tape was 

cut off and attached to a circled horse pipe. By rolling the outer layer of the horse pipe, the tape 
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was uniformly stretched by 100% in planar directions. Then two wood frames were attached on 

both sides of the pre-stretched tape. Two covering plates with 12.7 mm of radius were attached on 

both sides of the membrane center for installing load, or other components. Excessive VHB tape 

outside the frame was cut off after all components were fixed on the membrane. The membrane’s 

exposed area was divided into four areas by masking strip (at least 5 mm wide), then both sides of 

the exposed area were spread with graphite powder, and the surfaces were scrubbed to establish 

conductive electrodes. During this process, the masking striping were keeping each divided area 

insulated with other areas. Figure 6.3 shows the DE actuator ready for testing. 

6.3 Modeling of 2-DoF Maneuverable DE Actuator and Controller Design 

6.3.1 Modeling of DE Actuator with Patterned Electrodes 

 

Figure 6.4. Approximation of DE actuators with damping-spring systems. 
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From the modeling work in Section 5.3, the DE membrane can be treated as a combination 

of a damping-spring part and a RC part. Thus, a DE diaphragm actuator with four operational areas 

can be approximated by splitting the original damping-spring and RC parts. Figure 6.4 is showing 

the idea of approximating DE diaphragm actuators with damping-spring systems. In the diaphragm 

actuator with four operational areas, the DE membrane is treated as four damping-spring 

subsystems connecting to the central plate. The mass, hook constant and damping ratio in each 

subsystem are m1, k1, ξ1, m2, k2, ξ2, m3, k3, ξ3 and m4, k4, ξ4, respectively. The central plate’s vertical 

position is fixed, and it is allowed to rotate along x- and y-axis. Areas a and c are in the same axis 

and controlling the tilting angle along x-axis, now look at the intersectional view of the actuator of 

a-c pair in Figure 6.5. Since the displacement of a end is opposite to the displacement of c end, the 

dynamic equation of this subsystem is as following equation, which is also in the form of a classic 

second-order system. 

𝐹1 = (𝜉3 − 𝜉1)�̇�𝑎𝑐 + (𝑘3 − 𝑘1)𝑧𝑎𝑐 + (𝑚3 +𝑚1)�̈�𝑎𝑐 (6.1) 

 

Figure 6.5. Intersectional view of the actuator of a-c pair. 

Similarly, for the b-d pair of this actuator, the dynamic equation is as following equation. 
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𝐹2 = (𝜉4 − 𝜉2)�̇�𝑏𝑑 + (𝑘4 − 𝑘2)𝑧𝑏𝑑 + (𝑚4 +𝑚2)�̈�𝑏𝑑 (6.2) 

Also, each subsystem has its corresponding circuit equation. Here assuming the distribution of 

resistance and capacitance are negligible, then the relationship between applied voltage ui and 

electrical potential Φi on each operational area is as following equation. 

�̇�𝑖 = −
1

𝑅𝑐𝑖𝐶𝑖
𝛷𝑖 +

1

𝑅𝑐𝑖𝐶𝑖
𝑢𝑖 , 𝑖 = 1, 2, 3, 4. (6.3) 

By simply control a and b area, the actuator can perform basic function of tilting in two axes. If 

that is the case, let zac = xac1, żac = xac2, Φ1 = xac3, zbd = xbd1, żbd = xbd2, Φ2 = xbd3, and ignore the 

coupling effect between rotation axes, then the system’s linearized model near its equilibrium point 

can be expressed as following equation. 

{
 
 
 
 
 

 
 
 
 
 

Δ�̇�𝑎𝑐1 = Δ𝑥𝑎𝑐2

Δ�̇�𝑎𝑐2 =
(𝑘1 − 𝑘3)

(𝑚3 +𝑚1)
Δ𝑥𝑎𝑐1 +

(𝜉1 − 𝜉3)

(𝑚3 +𝑚1)
Δ𝑥𝑎𝑐2 + 𝑔𝑎𝑐3Δ𝑥𝑎𝑐3

Δ�̇�𝑎𝑐3 = −
1

𝑅𝑐1𝐶1
Δ𝑥𝑎𝑐3 +

1

𝑅𝑐1𝐶1
Δ𝑢1

Δ�̇�𝑏𝑑1 = Δ𝑥𝑏𝑑2

Δ�̇�𝑏𝑑2 =
(𝑘2 − 𝑘4)

(𝑚4 +𝑚2)
Δ𝑥𝑏𝑑1 +

(𝜉2 − 𝜉4)

(𝑚4 +𝑚2)
Δ𝑥𝑏𝑑2 + 𝑔𝑏𝑑3Δ𝑥𝑏𝑑3

Δ�̇�𝑏𝑑3 = −
1

𝑅𝑐2𝐶2
Δ𝑥𝑏𝑑3 +

1

𝑅𝑐2𝐶2
Δ𝑢2

(6.4) 

Where (k3-k1) and (k4-k2) are measured equivalent hook constant from experiment, (ξ3-ξ1) and 

(ξ4-ξ2) are measured equivalent damping ratio, gac3 and gbd3 are measured input gain. 

In order to identified the system’s parameters, the frequency response of the actuator was 

measured form a series of experiments. Figure 6.6 shows the experimental setup for parameter 

identification step. During the experiments, two Baumer OADM 20I6441/S14F laser displacement 

sensors were used to measure the central plates’ vertical movement. The measurement range of 

this distance sensor was 30-70 mm, good enough for the experiments. The diaphragm’s a and b 
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operational areas were connected to two high-voltage amplifiers (5HVA24-BP1-F, UltraVolt Inc.), 

respectively. These power amplifiers were capable of outputting voltage up to 5000 V. The laser 

sensors and power supplies were connected to the dSPACE system for controlling and monitoring 

I/O values. 

 

Figure 6.6. Experimental setup. 

Took the Rc1, Rc2 and C1, C2 as two parameters: Rc1C1, and Rc2C2. By measuring the membrane’s 

voltage and current values, the transfer functions of the circuit models were identified as following 

equations. 

𝐺𝑎𝑐2(𝑠) =
1

0.00054𝑠 + 1
(6.5) 

𝐺𝑏𝑑2(𝑠) =
1

0.00051𝑠 + 1
(6.6) 
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In order to obtain the frequency response of the actuator, the voltage range of the amplifiers was 

normalized from 0 to 1, where 1 meant 5000 V output. Sinusoidal signals of 0.2 magnitude with 

different frequencies were given to the amplifier, while the response magnitudes were extracted 

by Fast Fourier Transform algorithm. Then the same procedure was repeated with 0.4 and 0.5 input 

magnitudes.  

 

(a)                                    (b) 
Figure 6.7. Frequency response and identified transfer function: (a) channel a; and (b) channel b. 

 
For each operational area, all the measured frequency response data were plotted in a bode plot. A 

third-order transfer function, which can minimize the curve’s mean square error between data 

points was identified as the nominal transfer function of the corresponding input channel. Figure 

6.7 shows the bode plot of the experimental data and identified model. The transfer function 

obtained from these procedures were below equations: 

𝐺𝑎𝑐1(𝑠) =
1011.25

𝑠2 + 195𝑠 + 5265
(6.7) 

𝐺𝑏𝑑1(𝑠) =
1481.25

𝑠2 + 195𝑠 + 5265
(6.8) 

Hence, the overall linearized transfer function was the following equation: 
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𝐺𝑎𝑐(𝑠) =
1011.25

0.00054𝑠3 + 1.105𝑠2 + 198𝑠 + 5625
(6.9) 

𝐺𝑏𝑑(𝑠) =
1481.25

0.00051𝑠3 + 1.099𝑠2 + 197.9𝑠 + 5625
(6.10) 

This model captured the dynamics of the entire system near its equilibrium point, including 

amplifier and actuator. All absolute magnitude errors between the experimental data and the 

simulated data were plotted in Figure 6.8 to obtain modeled error for later use in controller design 

steps. 

 

(a)                                   (b) 
Figure 6.8. Model of the system’s uncertainty: (a) channel a; and (b) channel b. 

Second-order transfer functions Wacs(s) and Wbds(s) were used to cap the magnitude of the 

modeling error, respectively. The two transfer functions are: 

𝑊𝑎𝑐𝑠(𝑠) =
306

𝑠2 + 96𝑠 + 3600
(6.11) 

𝑊𝑏𝑑𝑠(𝑠) =
264

𝑠2 + 68𝑠 + 1600
(6.12) 

From equation (6.4), the system’s transfer function is as following equation: 
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𝐺(𝑠) =

[
 
 
 
 

𝑓𝑎𝑐3
𝑅𝐶1𝐶1𝑠3 + (1 − 𝑓𝑎𝑐2𝑅𝐶1𝐶1)𝑠2 − (𝑓𝑎𝑐1𝑅𝐶1𝐶1 + 𝑓𝑎𝑐2)𝑠 − 𝑓𝑎𝑐1

𝑓𝑏𝑑3
𝑅𝐶2𝐶2𝑠3 + (1 − 𝑓𝑏𝑑2𝑅𝐶2𝐶2)𝑠2 − (𝑓𝑏𝑑1𝑅𝐶2𝐶2 + 𝑓𝑏𝑑2)𝑠 − 𝑓𝑏𝑑1]

 
 
 
 

(6.13) 

By comparing (6.13) with (6.9) and (6.10), the parameters are fac1 = -5625, fac2 = -194.4, fac3 = 

1011.25, fbd1 = -5625, fbd2 = -194.1, fbd3 = 1481.25. Hence, the linearized state space model is: 

{
 
 
 

 
 
 

Δ�̇�𝑎𝑐1 = Δ𝑥𝑎𝑐2
Δ�̇�𝑎𝑐2 = −− 5625Δ𝑥𝑎𝑐1 − 194.4Δ𝑥𝑎𝑐2 + 1011.25Δ𝑥𝑎𝑐3

Δ�̇�𝑎𝑐3 = −
1

0.00054
Δ𝑥𝑎𝑐3 +

1

0.00054
Δ𝑢1

Δ�̇�𝑏𝑑1 = Δ𝑥𝑏𝑑2
Δ�̇�𝑏𝑑2 = −− 5625Δ𝑥𝑏𝑑1 − 194.1Δ𝑥𝑏𝑑2 + 1481.25Δ𝑥𝑏𝑑3

Δ�̇�𝑏𝑑3 = −
1

0.00051
Δ𝑥𝑏𝑑3 +

1

0.00051
Δ𝑢2

(6.14) 

𝑦 = [
Δ𝑥𝑎𝑐1
Δ𝑥𝑏𝑑1

] (6.15) 

Unit step input was given to each channel to verified the identified models, input for the 

other input channel was set to 0. Figure 6.9 is showing the actuator’s step response for each channel.  

 

(a)                                   (b) 
Figure 6.9. Step input response: (a) channel a; and (b) channel b. 
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The actuator’s response mainly fitted with the simulation results. However, the actuator’s response 

had some discrepancies with the simulation at the beginning of the step input, this result might be 

caused by the connecting shift between the compliant electrodes and power wire. 

6.3.2 Controller Design 

In order to make the actuator track desired reference signals, H-infinity controller was used 

to control the actuator. Since each channel of the actuator is separately modeled, each channel of 

the actuator has an H-infinity controller, and each controller is designed using hinfsyn function in 

Matlab, Figure 6.10 is showing the block diagram of the system. 

 

Figure 6.10. Block diagram of system. 

Based on the design rules of H-infinity control, the weight functions of Wacu(s) and Wace(s) were 

chosen as: 

𝑊𝑎𝑐𝑢(𝑠) =
0.1𝑠 + 0.0006283

0.0001𝑠 + 62.83
(6.16) 

𝑊𝑎𝑐𝑒(𝑠) =
0.2𝑠 + 18.85

𝑠 + 0.001885
(6.17) 

Similarly, the weight functions Wbdu(s) and Wbde(s) were: 

𝑊𝑏𝑑𝑢(𝑠) =
0.1𝑠 + 0.001005

0.0001𝑠 + 100.5
(6.18) 
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𝑊𝑏𝑑𝑒(𝑠) =
0.2𝑠 + 18.85

𝑠 + 0.001885
(6.19) 

By using the hinfsyn function in Matlab, the designed H-infinity controllers of channels were: 

𝐾𝑎𝑐(𝑠) =
−0.1205𝑠2 + 12520𝑠 + 342900

𝑠3 + 98.25𝑠2 + 3496𝑠 + 6.643
(6.20) 

𝐾𝑏𝑑(𝑠) =
−0.0216𝑠2 + 19830𝑠 + 527700

𝑠3 + 129.5𝑠2 + 6041𝑠 + 14.24
(6.21) 

The transfer function Macs(s) and Mbds(s) can be written as: 

𝑀𝑎𝑐𝑠(𝑠) =
𝐾𝑎𝑐(𝑠)

1 + 𝐺𝑎𝑐(𝑠)𝐾𝑎𝑐(𝑠)
(6.22) 

𝑀𝑏𝑑𝑠(𝑠) =
𝐾𝑏𝑑(𝑠)

1 + 𝐺𝑏𝑑(𝑠)𝐾𝑏𝑑(𝑠)
(6.23) 

From the small-gain theorem [82], in order to maintain the system’s internal stability, the H-

infinity norm of the system’s transfer functions Macs(s), Δaca(s) and Mbds(s), Δbda(s) must satisfy the 

condition: 

‖𝑀𝑎𝑐𝑠(𝑠)‖∞ <
1

‖𝛥𝑎𝑐𝑎(𝑠)‖∞
(6.24) 

‖𝑀𝑏𝑑𝑠(𝑠)‖∞ <
1

‖𝛥𝑏𝑑𝑎(𝑠)‖∞
(6.25) 

With equation (23), (31), (33), and equation (24), (32), (34), one can calculate the H-infinity norm 

for each channel: 

6.7924 = ‖𝑀𝑎𝑐𝑠(𝑠)‖∞ <
1

‖𝛥𝑎𝑐𝑎(𝑠)‖∞
= 11.7647 (6.26) 

5.8183 = ‖𝑀𝑏𝑑𝑠(𝑠)‖∞ <
1

‖𝛥𝑏𝑑𝑎(𝑠)‖∞
= 6.0606 (6.27) 

Which satisfies the internal stability condition equation (6.24) and (6.25). 
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6.4 Experimental Results 

From previous sections, the model and controller were obtained for each channel. Then the 

actuator and controllers were tested in real-time cases. The hardware installation was the same as 

the system identification’s shown in Figure 6.6. In the first test, the channels were tested separately. 

For channel a, a combined reference was used: 

𝑟𝑒𝑓𝑎𝑐 = 0.02𝑠𝑖𝑛(𝜋𝑡) + 0.02𝑠𝑖𝑛(0.6𝜋𝑡) (6.28) 

And input for channel b was set to 0.5, which means channel b was set to track a constant. 

 

(a)                                    (b) 
Figure 6.11. Separate tracking test: (a) channel a; and (b) for channel b. 

Tracking result is shown in Figure 6.11 (a), for all the measured data points, the controller achieved 

an average error level of 9.56% on channel a. On channel b, average tracking error was 17.95%, 

which meant the sensing noise was strong on both channels, and H-infinity controller could resist 

the impact of noises on channels. Similar, when input of channel a was set to 0.5, and channel b 

was tracking reference:  

𝑟𝑒𝑓𝑏𝑑 = 0.02𝑠𝑖𝑛(𝜋𝑡 + 0.5𝜋) + 0.02𝑠𝑖𝑛(0.6𝜋𝑡 + 0.5𝜋) (6.29) 

In Figure 6.11 (b), the controller achieved an average error level of 19.97% on channel a. On 

channel b, average tracking error was 9.81%. 
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Then both channels were given with their corresponding reference signals. Since this 

manipulator was designed to control its central plate’s tilting angle, here the manipulator was set 

to perform angle tracking. Firstly, the distances between the laser dots and central point were 

measured, and the vertical displacements were measured by laser sensors. Figure 6.12 is showing 

the conversion method. Then, the tilting angle of the central plate could be calculated by following 

equation. 

𝑎𝑛𝑔𝑎𝑐 = 𝑎𝑡𝑎𝑛 (
𝑑𝑖𝑠𝑎𝑐
𝑙𝑎𝑐

) (6.30) 

𝑎𝑛𝑔𝑏𝑑 = 𝑎𝑡𝑎𝑛 (
𝑑𝑖𝑠𝑏𝑑
𝑙𝑏𝑑

) (6.31) 

 

Figure 6.12. Conversion from displacement to angle. 

Where disac and disbd are vertical displacement of each channel; lac and lbd are the distances 

between laser dot and central point on each channel, which are 15.1 mm and 15.3 mm, respectively. 

The tracking results are shown in Figure 6.13, where channel a achieve error level of 10.49%, and 

channel b was 11.06%, which are slightly more than single tracking results. 
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Figure 6.13. Simultaneous tracking result of both channels. 

 

Figure 6.14. Simultaneous tracking result of both channels with pulse wave. 

Moreover, different types of reference signals were tested, the tracking result of pulse 

signal are shown in Figure 6.14, both reference signals had 4 s period and 50% pulse ration, 

reference on channel b was delayed by 2 s. Error level for the channel a and b were 8.09% and 
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11.41%, respectively. Saw wave were tested, reference signals had 4 s period and 0.08 magnitude, 

reference on channel b was also delayed by 2 s. Here, error level for the channel a and b were 9.17% 

and 10.31%, respectively. The result is shown in Figure 6.15. From these tests one can see that the 

controllers were able to deal with the model uncertainty and channel noises, and the effect within 

the channels can be reduced by using better amplifiers and analog-digital converters in the 

feedback loop. 

 

Figure 6.15. Simultaneous tracking result of both channels with saw wave. 
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CHAPTER 7 

CONCLUSION 

 
 

DE material’s fundamentals are investigated, from fabrication and method of test to 

actuation capability and modeling work, the soft material’s direct movement generation capability 

gives it promising usage in future’s soft actuator and soft robotic applications. An integrated 

sensing method has been performed with the consideration of the actuator's high frequency 

impedance changes, while the actuator is generating displacement. Polynomial fitting, normal 

ANN, enhanced ANN and NARX network have been used to estimate the displacement, of which 

the NARX network achieved the lowest error level (less than 1%). 

A diaphragm actuator of dielectric elastomer was designed and fabricated for human pulse 

signal tracking. A physical model was developed to capture the dynamics of the actuator, and then 

an H-infinity controller was built for the actuator based on the physical model. Experimental 

results have shown that the H-infinity controller was capable of controlling the actuator to track a 

multi-frequency reference signal, and a set of human pulse pressure signals measured in Hong 

Kong. Experimental results have shown that the DE actuator with H-infinity control was capable 

of tracking the human pulse pressure signals. 

A DE actuator based 2-DoF laser manipulator was designed and fabricated. This 

manipulator dose not rely on electro-magnetic mechanism, which means it can survive under 

strong magnetic environment. Also, its gearless and soft structure can largely reduce damage from 

attrition and vibration. The actuator’s model was obtained and linearized for control purpose, 

which is helpful in practical cases. Then H-infinity controllers were designed and tested, which 

showed the manipulator was capable of performing 2-DoF tracking with different reference signals. 
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