ABSTRACT
SHUZHEN, WEI. Bioinspired Electrically Active Bistable Actuator. (Under the direction of Dr.
Tushar K. Ghosh and Dr. Wei Gao).
Dielectric elastomer (DE) and bistable sheet are introduced as an actuator material and
an efficient actuator structure in this dissertation. Dielectric elastomer is a type of electroactive
polymers (EAPs) intensively investigated as a highly deformable material under electric field.
Bistable structure has two stable shapes and mechanical instability in between. When
subjected to an activation energy sufficient for snap-through, the structure self-equilibrates to
and self-stabilizes in the other stable configuration. With incorporation of DE material into
bistable structure, the induced deformation of DE is converted to bistable shape transformation
of the actuator. Natural analogs of specialized actuators include bistable leave of Venus Flytrap
with rapid closure speed [1], raptorial appendage of Mantis shrimp with ultrafast movement
[2], and salamander’s tongue enabled with extreme extrusion speed and precision at the target
[3].
Inspired by these biological actuators, this work presents a novel multilayered bistable
architecture originated from anisotropic strain field, which is reconfigured through DE actuation
that triggers the bistable shape transformation. The bistable laminate with two orthogonal
curvatures is fabricated through asymmetrically prestraining two DE films and attaching to a
support film with higher stiffness. Both experiment and theoretical model are presented for
studying the bistable shape and bistability of this laminated actuator, in which actuator’s
dimension, prestrains of DE layers and support layer stiffness are varied. The laminated
actuator exhibits tunable bistable shape by changing prestrains or support layer stiffness. DE
actuation is performed on one of the DE layers in the laminate, to activate the bistable shape

transformation. The electrical actuation of bistable actuators is evaluated by changing the
prestrains of DE layers, electrode position and size. Upon activation, the actuator snaps from
one shape to the other, generating a blocking force of around 4.5 mN.
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Chapter 1 Introduction
Nature is full of ingenious sustainable solutions to problems spanning all aspects of
human need. Human beings as one part of nature have learnt from and imitated nature to
create useful tools and technologies, from reed-inspired sickle by Lu Ban in ancient China, to
bird-inspired aircraft by the Wright brothers in 1903 [4]. It is important to improve our
understanding of natural design for technological advancement and sustainable living. In the
field of actuators (a component in the control system responsible for converting input energy
into mechanical motion), conventional means consist of mostly pneumatic or electromagnetic
actuation, i.e. producing all types of motion by using pressurized fluids, or electromagnetic
field. However, such means are generally noisy, insufficient, and are restricted by limited input
energy types and bulky peripheral components or overhead. Interestingly, natural actuators
such as skeletal muscles, motor cells and even dead tissues generate many movements in
plants and animals, with least amount of materials and naturally available energies.
Inspired by natural actuators, soft active materials and structures have been explored to
substitute for the conventional actuators in some areas such as robotics [5]–[8], biomedical
devices [9], and wearable assistive devices [9], [10]. With regard to active materials, shape
memory alloys (SMAs) [11], [12], piezoelectric materials [13], [14] and electroactive polymers
(EAP) [15], [16] are currently under intensive investigation. Dielectric elastomers (DE) featuring
in low modulus and large strain, relatively high dielectric constant as well as high energy density
constitute one important category of EAPs. With the development of responsive materials, one
of the main challenges is how to incorporate these materials in innovative designs to
controllably utilize their shape-change properties. Potential solutions being explored including
1

active material/stimuli allocation [17], [18] and actuator structural design [19]–[21]. One of the
best examples of natural motion is that produced by the Venus Flytrap (VFT). The sudden
closure (within 0.1 second) of the VFT is prompted by sudden change of turgor pressure that
activates the bistbale shape transformation of the leaves. Such bistability and morphing in
nature is of great interest to the scientists because of their practical utility. Morphing
multistable structures (denoted as morphing MS) undergo swift shape transformation upon
activation, due to the mechanical instability between multiple stable shapes. The potential
applications of morphing MSs include modulation of flight condition of aircrafts [22]–[24],
vibration energy harvesting [25], [26], and wind turbine design for fracture minimization [27].
This work presents a novel polymer-based bistable actuator inspired by the VFT and
salamander’s tongue. The actuator is a laminated structure with two prestrained active layers
that induces bistability of the shape. The bistable shape transformation is achieved by an
applied electric field to the active layers.
Following the introduction in Chapter 1, this dissertation provides the background for
this work in Chapter 2. The background covers an important category of responsive material electroactive polymers (EAP) - with a particular focus on dielectric elastomers (DE). Further in
Chapter 2, a review of the natural/biological design of adaptive structures, as well as their
bioinspired counterparts with emphasis on the morphing MSs is presented. In Chapter 3, a
novel design and fabrication of a polymer-based laminate with a tunable and predictable
bistable shape, as well as its transformation is discussed. Chapter 4 contains a summary of this
research as well as perspectives for future investigations.

2

Chapter 2 Background
2.1 Electroactive Polymer
Known as artificial muscles, electroactive polymers (EAP) are composed of a variety of
polymers that deform under an applied electric field. They combine favorable polymeric
properties such as being flexible and lightweight, and electrical properties suitable for electrical
actuation.
EAPs consist of two distinct classes based on their actuation mechanisms; electronic and
ionic. Ionic EAPs undergo deformation when ions are subjected to an external electric field
causing them to migrate directionally within the polymer matrix, resulting in an expansion on
the ion accumulation side and shrinkage on the ion reduction side. This causes the ionic EAP
film or strip to undergo bending. The materials for ionic EAPs include carbon nanotubes [28],
electrically conductive polymers [29], electrorheological fluids [30], ionic polymer gels [16], and
ionic polymer metallic composites [31]. On the other hand, electronic EAPs involve polarization
reorientation, or Coulomb force induced motion due to the applied electric field. Five types of
electromechanical effects including piezoelectric, ferroelectric, pyroelectric, electrostrictive and
electrostatic effect, are caused by the electrical polarization capacity of the materials
(orientation of polar groups in the polymer chain under electric field). Both electrostrictive and
electrostatic effects always exist in dielectric materials, with electrostrictive shape change
dominating at moderate electric fields, and electrostatic effects becoming significant at higher
electric fields [32]. For example, polyurethane under electric field was observed to exert both
electrostatic (up to 100MV/m) and electrostrictive (up to 10MV/m) effects [32], [33]. Electronic
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EAPs include DEs, electrostrictive graft elastomers, electrostrictive papers, electro-viscoelastic
elastomers, ferroelectric polymers, and liquid crystal elastomers [34].
In comparison, ionic EAPs offer the advantage of being able to undergo large
deformations under small applied electric potential (2-7V) [34], but are restricted by their
requirement of fluid for ion migration. Electronic EAPs can operate in ambient conditions, but
require high electric fields (10-100V/µm) [34]. Apart from the actuation characteristics, Figure
2-2 presents other key factors to consider in a competitive actuator material; actuation strain,
actuation stress, and energy density [35], [36]. Dielectric elastomers (DE) form an important
group within the electronic EAPs and stand out because of their large actuation strain and high
energy density, and other desirable properties. The work presented here makes use of the
unique properties of DE, therefor the following discussion is focused on the DE materials and
DE-based actuators (DEA).

2.1.1

Dielectric Elastomer
DEs are known for achieving large induced strains under applied electric fields. The

mechanism of deformation of DEs can be best explained using a simple parallel plate capacitor
with a DE film as the medium placed between two soft compliant electrodes, see Figure 2-1.
Upon application of the electric field, opposite charges in the electrodes attract each other and
develop a compressive stress on the dielectric medium, while like charges on the same
electrode repel each other. The resulting compressive stress (Maxwell stress) experienced by
the DE can be expressed as [37].
𝜎 = 𝜀0 𝜀𝑟 𝐸 2 = 𝜀0 𝜀𝑟 (𝑉/𝑑)2

Equation 2-1
4

Here, ε0 and εr are the dielectric permittivity of free space and relative permittivity of
the DE film respectively, and E is the applied electric field. V is applied voltage, and d is the
thickness of the dielectric medium. The compliant electrode materials used for DEs include
carbon black, graphite, carbon grease, CNT in various forms, electrolytes, and conducting
polymers [38]–[41].

Figure 2-1. Schematic of dielectric elastomer actuation.

DEs have been intensively studied in recent three decades. However the discovery of DE
actuation can be tracked back to 1880, when the German physicist Rontgen found that rubber
strip undergoes compressive deformation under an electric field [42]. About a centrury later,
the electro-mechanical behavior of DEs was intensively analyzed and incorporated into spatial
light modulator to control the light waves in space and time [43], which enhanced the HDTV
projection technology [44]. At the turn of 21st century, the investigation of DEs had attracted
great attention in various disciplines, and being considered as a competitive actuator material.
Scientists at the SRI international [35] compared DEs with some popular active materials, and
showed high energy density and actuation strain of DE, which is comparable to the natural
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muscle (Figure 2-2a). Shankar et al [36] updated these important actuator performance
parameters in 2007 and presented an important enhancement of actuation performance of DE
materials (Figure 2-2b). Some of the pioneering research in the late 1990s and at the turn of the
century [34], [37], [45], [46], [47], [48], [49], [50] led the way toward broader participation of
the scientific community from many disciplines in DE related research. Since then, significant
progress has taken place in DE materials, modeling, and DEA applications.

Figure 2-2. Comparison of actuation performances of actuator materials [35], [36].

The landscape of DE materials includes three primary elastomers, acrylate, silicone, and
polyurethane. Other reported DE materials include thermoplastic block copolymers [15], [51],
and chemically modified polymer compositions with tunable crosslink density [52],
interpenetrating networks [53], etc.
Acrylic elastomers have the advantages of both mechanical and electrical properties to
produce large actuation strain, compared to other dielectric elastomers. The most commonly
6

investigated acrylic elastomer is the VHB brand of adhesive tapes (3M VHBTM adhesive)
manufactured by the 3M corp. The VHB tape is commercially available in various thicknesses
and has been explored often due to its high elasticity, moderate dielectric constant, large
actuation strain, and excellent adhesiveness. It offers a range of desirable properties such as
Young’s modulus lower than 1MPa, large strain at break (more than 500%), electrically induced
areal strain up to 380% [49], high dielectric constant from 4-6 [54], high dielectric strength of
25V/μm for non-prestretched film and 215V/µm for prestretched ones [49], high energy
density of 3.4 MJ/m3[45], and good thermal stability from -10 to 80°C[55]. An important
characteristic of the VHB is its adhesiveness. DE films are normally pretrained to reduce their
thickness in order to reduce electric potential for actuation while improving dielectric
breakdown strength and actuation strain by suppressing electromechanical instability (EMI)
[56]. Dielectric breakdown occurs when the driving voltage reaches a level where the electric
current flows through the DE material, causing the material to fail. EMI of a DE - also referred to
as pull-in effect - is due to the synergetic effect of both electric field increase and film thickness
decrease, especially for strain-softening materials [56]. DE film is generally attached to a rigid
frame in order to maintain the prestrain. In case of the VHB film, the material of rigid frame is
selected according to the bonding strength of the VHB film and substrate surface. The materials
with high surface energy such as metal, glass, polyimide, polyester, etc. [55] have high bonding
strength to the VHB and thus can be utilized as the support frame.
Although VHB tape is good for assembling into actuators, it is known to undergo
viscoelastic relaxation manifestiong in significant mechanical hysteresis. Mechanical loss in
prestretched film due to stress decay over time, results in poor performance reproducibility
7

[57]. Due to high viscoelastic effect, it is limited in terms of deformation speed and frequencyresponse during electrical actuation. The elastic modulus of VHB 4910 drops dramatically with
the temperature increment from -25°C to 75°C, while the silicone retains its modulus almost
unchanged [57].
Polydimethylsiloxane (PDMS) elastomer or silicone, commercially available in a large
variety of properties is another important material being studied as a potential DE. The
backbone of silicone is composed of alternate covalently bonded silicon atoms and oxygen
atoms - providing unique properties. It exhibits good elasticity with a wide range of Young’s
modulus, hydrophobicity, low chemical reactivity, high temperature stability, electrical
insulation, and high electromechanical speed for some silicone materials [57].
Certain classes of polyurethanes (PU) display both electrostrictive and electrostatic
behavior [32], [58]–[60]. The PU molecule is composed of hard segments and soft segments
enabling stiffness (crystals in hard segment region) and flexibility (amorphous region of soft
segments), respectively. Zhenyi et al. in 1994 discovered the interesting electromechanical
performance of PU thin film, when they were searching for a material with both good
piezoelectric behavior and low modulus [58]. Three years later, Su, et al. [60] reported details
on the electromechanical response of PU film as a function of electric field, film thickness,
frequency and temperature, demonstrating about 0.8% actuation strain, and charge injection
phenomenon in thin PU films. Later, Arora, et al [61] compared the electromechanical response
of prestretched PU and silicone tubes, and reported smaller actuation strain of PU, but
significantly higher blocking force. They also reported smaller axial (prestretch direction)
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actuation strain and larger radial actuation strain as a result of mechanical conditioning of the
tubes through repeated strain-cycling.
Table 2-1 lists some important material properties as well as actuation properties of
commonly studied DE materials. The properties of DE materials reported in Table 2.1 should be
used for comparative purpose only. The values are sensitive to the composition of the
materials, applied prestretch, and actuation setup. It is important to note that DEs are
commonly prestrained not only to reduce their thickness and thereby the necessary electric
potential, but to enhance their actuation strain, dielectric strength [49], dielectric constant [49],
as well as to reduce the electromechanical instability (EMI) [56].
Table 2-1. Important properties of three typical dielectric materials.
DE material

Electromechanical
properties
Energy
Dielectric Dielectric Actuation
Actuation
density
constant strength stress
strain (%,
(J/cm^3) (at 1kHz) (MV/m)
(MPa)
area strain)
0.087[46] 7[46]
80 [8]
1.6[46]
11[46]
3.4[45]
4.7-6[54] 412[45]
7[45] [7]
158[45]

Mechanical property Electric properties
Young’s
modulus
(MPa)
17[46]
0.3

Polyurethane
Polyacrylate
(VHB)
Silicone (Dow 0.125[46] 0.026[46] 2.8[46]
110[45]
0.3[45]
93[45]
Corning HS3)
Block
0.133
0.289
22
245
copolymer
(SEBS217)
[62]
*Note that mechanical and electrical properties are sensitive to preparation of the materials,
prestretch and measurement setup, and thus the values in the chart cannot be simply applied
to a certain type DE material.

Despite all the progress made in improving the electromechanical performance of the
DE materials, one of the critical issues impeding widespread adoption of these materials in
9

practical devices is the requirement of high electric potential. In order to generate useful levels
of actuation strain, operating electric field for DE films ranges from 50V/μm to more than
100V/μm, typically requiring applied voltage of 5-10 kV [48]. The required potential can be
reduced by reducing the material thickness (see Equation 2.1), and by increasing its dielectric
constant.
As is mentioned earlier, prestraining the DE film is one of the methods to enhance the
electromechanical performance, mainly due to the thickness reduction [49]. However,
increasing prestrain comes with the requirement of additional overhead and problems of stress
dissipation over time. Ha [53] proposed a potential solution by creating an interpenetrating
network (IPN) in the DE film. In this method, a secondary polymer network is created in the
prestretched acrylic elastomer by adding a crosslinking agent (1,6-hexanediol diacrylate). The
secondary polymer network withholds the prestretch at the expense of higher DE stiffness that
limits the actuation strain.
Potential solutions to eliminating prestretch also include fabricating ultrathin DE films
[63], lowering the stiffness of the DE material [15], [51], [52], and increasing the dielectric
constant of the DE materials [64]–[66]. For example, Duduta [63] fabricated ultrathin (25μm to
30μm thickness) DE films from UV-curable acrylic oligomers, with operating voltage around 1-2
kV. The crosslinking agent used for creating IPN for by Ha et al [53] is here to the acrylic to tune
the adhesiveness and actuation performance of DE film. Higher crosslink content increases the
Young’s modulus of the material, and the resulting smaller viscoelastic effect improves the
electrical actuation bandwidth (or frequency) albeit with lower deformation. Similarly, Zhao
[52] altered the elastic modulus of DE film by adjusting the content of two thermal curable
10

acrylate monomers, one serving as soft segment while the other as crosslinking agent with
reactive functional groups.
Efforts to improve the dielectric constant of DE materials include adding sub-percolation
levels of conducting “fillers” in the DE matrix [65], [67], [68]. In order to reduce the current
leakage the conducting fillers have also been encapsulated with insulating materials [69], or by
adding fillers in the middle DE layer that is sandwiched between two dielectric layers [66]. In
this manner, both dielectric property and breakdown field can be enhanced.
Another efficient method to enhance and employ the electrically induced strain is to
produce directional deformation through anisotropic actuation. The anisotropic actuation strain
has been reported in asymmetrically prestretched DE tubes [61], and by using aligned CNT
electrodes [70], and by directionally embedding reinforcing elements (fiber, etc.) [6], [71], and
selectively corrugating DE film [72]. Anisotropic actuation would be described further in Section
2.1.2.
Last but not least, to inhibit EMI and associated dielectric breakdown, in addition to
prestraining the film as described earlier, electrode-free actuation via corona discharge from
needle electrodes has also been explored [73].

2.1.2

Dielectric Elastomer Actuators
Dielectric elastomer actuators (DEA) are promising for many applications including

human assistive devices [10] and soft robotics due to their flexibility, low weight, large
actuation strain, and high energy density [6], [8], [47]. In addition to the ongoing research to
improve the performance of the DE materials, efforts are underway to design DE-based
11

actuators (DEA) and devices to harness the material’s potential. The primary goal in designing a
DEA is to maximize some of the important performance parameters, such as, energy output,
power output, energy conversion efficiency, response time, displacement, force, velocity,
stiffness, damping, accuracy, repeatability, sensitivity, environmental tolerance, durability,
reliability and input impedance [34]. Depending on the intended application some of the
parameters may be more important than others. Although DEs stand out due to its many
desirable properties, there are some ongoing issues:
1. Need of high electric field.
2. Accuracy and durability is limited by the viscoelastic damping of the material.
3. Frequency response is restricted by the charge and discharge speed of the material,
as well as their mechanical properties. If the frequency of alternative current (AC) is
too high, the actuation electric field would decrease due to the insufficient charge
and discharge. Besides, if the material has high viscoelasticity, the induced
deformation and recovery speeds restrict the actuation frequency.
4. Need to maintain electric potential to maintain strain, leading to dielectric
breakdown.
5. Researchers have made great strides to address these deficiencies, by material
enhancement and actuator structural design. The following discussion focuses on
structure design of DEA. The designs proposed in the literature is divided into three
categories based on their mode of actuation; linear, bending and rotational. The
discussion also includes their potential applications.

12

Linear DEA
These actuators are designed to transform the areal expansion of DEs into linear
motion. Three examples of this kind are shown in Figure 2-3.
A DE-based fiber actuator that can be potentially manufactured using bicomponent fiber
manufacturing was proposed by Arora et al. The prototype fiber actuators were fabricated by
using a DE tube made of silicone with inner and outer surfaces coated with compliant
electrodes. Upon application of an electric field the actuator expanded radially and axially. It
was found that longitudinal prestretch reduces the axial actuation strain, and thus enhances
the longitudinal elongation [61] (Figure 2-3a).
The longitudinal force output of the tubular DEA was sufficient to use for refreshable
braille displays, see Figure 2-3b. The compact, light-weight and highly deformable DE tube
made with silicone is capable of moving the braille upward and downward, and thus creating
patterns for the tactile sensation [74].
A bistable truss and two DEAs were assembled to make a linear binary actuator for
robotic applications by attaching the DE films on a diamond-shaped rigid frame [75]. The linear
actuation results from two DEAs work in an antagonistic way. The area expansion of the top DE
generates an actuation force to snap the bistable truss, and the bottom DEA under dielectric
actuation can snap the bistable truss upward, see Figure 2-3c. Multi-layered DEA is used to
enhance the force output [75].
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Figure 2-3. Examples of linear DEA [61], [74], [75].

Bending DEA
Bending motion is commonly achieved by stacking active elements of DE and inactive
elements, as shown in Figure 2-4. The actuation of active DE generates bending moment for the
laminate, while the inactive element serves as neutral plane/axis. Unidirectional bending
motions are exemplified in Figure 2-4a, b, c, and multi-directional bending is shown in Figure
2-4d. Enhanced bending behavior is achieved by introducing anisotropic mechanical response
with stiff fiber reinforcement, shown in Figure 2-4c.

14

A series of figures in Figure 2-4a present the bending behavior of laminated DEA, as well
as electrodes array design for 4 individual active regions. The DEA is composed of 12 layers
ultra-thin acrylic elastomer (20-30µm for each), with a pair of compliant electrodes on each DE
layer, and a thin stiff polymeric sheet as support layer. Due to area expansion of DE layers and
inactive stiff plastic layer, a bending moment is created in the laminate that produces out-ofplane deformation. The 4 individual active regions are composed of 4 pairs of electrodes, and
the dielectric actuation of different active regions produces multiple actuation patterns. The
profound deflection at relatively low actuation voltage (1-2kV) is achieved by using ultrathin DE
films. Moreover, this paper compares three UV-curable acrylic elastomers in terms of their
adhesiveness to electrode material (CNT), crosslink content, mechanical strength and actuation
behavior, which gives valuable guide to the acrylic DEA exploration [63].
In Figure 2-4b, the electromechanical performance of DE is used to unbend a gripper
structure. The closure of gripper’s legs helps grab object. Instead of triggering the closure of the
gripper legs, this novel DEA gripper is stable in the closure status, meaning the electrical energy
is utilized to unbend the gripper. Once grabbing the object, the electrical voltage can be
removed. The tulip-shaped structure of the DEA gripper is formed after the strain energy
minimization of the elastic-rigid laminates. By prestretching the DE film, and attaching plastic
strips at certain locations on the prestretched DE, the contraction of DE upon removal of
external load results in strain redistribution, and thus leads to the self-organized shape. In this
paper, DE not only serves as an energy storing medium, but also works as an
electromechanically active element to morph the structure. By applying two compliant
electrodes on the DE film and external voltage, the expansion of DE film flattens the structure.
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The output force (blocking force) is measured to be about 7mN (at 2kV). The self-organized
shape and electrical unbending force is being explored in this paper as a soft gripper [50].
Similar laminated structure is also presented in Figure 2-4c, with tunable bending
direction assisted by different orientation of aligned fibers. The output force is utilized to grab
objects with various shapes. In the laminates composed of DE film and inactive stiff elastic film,
the voltage-induced in-plane stress of DE produces bending moment of the laminates that
results in the out-of-plane deformation. The out-of-plane actuation is oriented to a certain
direction with reinforced fiber directionally embedded in DE matrix. As a result, the fiber
reinforced elastic-plastic laminates have tunable bending patterns under electric field [76].
A multiple degree-of-freedom (DOF) rolled (sometime referred to as spring roll also)
DEA was designed with selective actuation of discretely distributed active DE regions. In this
structure, the antagonistic actuation force selectively bends the structure in different direction.
The schematic shown in Figure 2-4d describes the electrode patterning on a flat DE film, and
the stacking of active part by rolling up the film. DE film is rolled around a compressed spring.
After release of the compressive force on the spring, the DE film is stretched longitudinally. For
every layer of the rolled tubular DEA, there are four pairs of electrodes, corresponding to four
DOF. Linear motion can also be generated by simultaneous actuation of the four pairs of
electrodes. And the multiple layers of active area plying together increase the force output.
Moreover, multiple DOF is achieved by connecting rolled DEA units in sequence, which is
promising in providing multiple motions [47]. In the following context, the multiple DOF with
electrode patterning strategy is exploited as rotational DEA with various applications including
artificial eyeball motion [77], soft motor [78] and biomimetic walking robot [79].
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Figure 2-4. Examples of bending DEA [47], [50], [63], [76].
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Rotational DEA
To mimic the rotational motion of human eyes, two-degree-of freedom (2-DOF) DEA is
utilized as the ocular muscle that controls eye motion (Figure 2-5a). The 2-DOF DEA is
composed of two prestretched DEA units, each frame is symmetrically flexible in folding.
Specifically, VHB 4910 is prestretched and attached to one symmetrically foldable frame with a
circular hole in the middle and coated with a pair of electrodes, serving as one DEA unit. Two
units combined with half of each frame glued together, and the other half fixed in-plane on a
planar support. Thus, the 2-DOF DEA is fabricated with rotatable mid-arc about its symmetric
axis, controlled by actuation of two DE films. By inflating the system with pressured air chamber
beneath, the DEA achieves higher actuation strain (represented in this system as rotate angle)
with input voltage around 3.5-4kV [77].
Two examples of 6-DOF DEAs shown in Figure 2-5b works as a bearing-free motor. The
prestretched DE film (VHB 4905) is adhered to a large rigid ring support on the outside and a
small ring (gear) on the inside, and discretely coated with 6 pairs of compliant electrode. A shaft
fixed into the inner ring with minimum friction, can be rotated, tilted or laterally repositioned
by applying electric field to different combination of electrodes [78].
A DE-based walking device with 6 legs was designed as a biomimetic walker. Each leg
was designed to move upward and downward (linear motion), as well as forward and backward
(bending and rotational motion), owing to the three DOF generated by antagonistic actuation
of 4 separate DE actuators, shown in Figure 2-5c. The DE material is composed of two silicone
compounds with optimized mixture ratio for electrical and mechanical performance. After
casting the silicone film, it was prestrained and glued to an annular frame. One film acts as two
18

DEAs in the antagonistic actuation design by applying separated electrodes on the film. By
combining two annular frame-supported DE film together with a stiff bar separating the DE
films to a distance, the three-degree-of-freedom DEA came into shape [79].
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Figure 2-5. Examples of rotational DEA [77]–[79].

With various structural design shown in Figure 2-3, Figure 2-4, and Figure 2-5, the areal
expansion of DEA can be transformed into linear, bending and rotational motions.
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Considerations are given to actuation force/displacement improvement, reducing actuation
voltage, actuation speed enhancement and structural robustness design. Some of the solutions
presented in the DEA examples, can be summarized as following:

Figure 2-6. Summary of the methods to enhance the actuation performance via DEA design.
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2.2

Morphing Multistable Structures
Morphing or shape transformation can be a very important and useful performance

attributes in many applications. Morphing in nature help plants and animals adapt and function
under many environmental conditions [1]-[3]. Biomimetic shape-changing systems have been
an active area of research for a long time. Among different morphing structures, morphing
multistable structures (denoted as morphing MS) are mechanically robust and deform fast
between several stable shapes. A morphing MS has more than one structural stable
configurations and undergoes mechanical instability between stable states. Shape
transformation from one stable state to another is called “snap-through” [107]. From energy
point of view, each stable state has an energy valley where the structure can stabilize without
external energy supply, and is able to sustain environmental turbulence to some extent. During
morphing, the mechanical instability configurations have high energy stored in the structure,
which tend to release the energy and shift to stable configurations. Figure 2-7 shows the energy
diagrams of bistable structures. Bistable structure is one type of morphing MSs with two stable
states. Symmetric bistable and asymmetric bistable are defined according to the energy status
of two stable states. For symmetric bistable structure, the activation energy amount is the
same for snap forth and back, while for the asymmetric bistable structure the activation energy
levels are different.
The advantages of morphing MSs for shape transformation are as follows:
1. Mechanically robust in the deformed state (Note that the deformed state is one of
the stable shapes).
2. Pre-programmable shape deformation.
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3. Large shape transformation without high energy cost.
4. Tunable power output (or morphing speed) by modulating multistable
characteristics (elastic energy storage, multistable shape).
The morphing MSs can be classified by the stimulus (activation energy) used for
snapping. Passive morphing MSs use environmental change (air flow, etc) to activate the snapthrough of the structure, and is utilized in aerospace [23], vibration energy harvesting [26], and
turbine shape adaptation for wind energy [27]. In particular, bistable shapes have been utilized
to design morphing aerofoils for optimized flight conditions as well as for wind turbine blades
which can withstand higher wind speeds without fracture [27]. However, active morphing MSs
are realized by application variety of stimulus. By employing smart materials such as shape
memory alloys (SMAs) [80], or piezoelectric materials [81], the linear shape change of these
smart materials provides activation moment to snap the MSs. The active deployment of MSs
has potential application in actuators that transform energy input into mechanical motion.
The following section gives insight into the morphing principles and varieties displayed
by natural world and found in manmade engineering work.
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Figure 2-7. Energy diagrams of bistable structures.

2.2.1

Morphing Structures in Nature
Many marvelous morphing of shape transformations, including movements in plants

and animals are achieved by sensing and actuation behavior of different organs, and there are
great review papers describing these phenomena and mechanisms of natural motion [82], [83].
In biological systems, the actuation elements such as motor cells in plants, or muscle cells in
animals, are responsible for the morphing behavior of the related organs. In order to generate
the movements with greatest efficiency and precision, they perform under stringent principle
of signal acquisition, analysis, transduction and output. In this chapter, we only take a brief look
at the signal output, and more specifically the macroscopic morphing behavior of plants and
animals.
The shape change of plants can be generally divided into two categories, active and
passive. Active shape adaption involves active sensing and transformation, metabolic energy
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consumption, active potential transportation, change of water/ion permeability in cell
membranes, and tensegrity of the whole organ for load bearing [84]. Among the active motion
in plants, thigmonasty and thigmotropism refer to rapid response of certain specialized organ
of plants to external mechanical stimuli (touch) [85]. For example, rapid coiling of tendril of
peas within minutes after sensing the touch is due to the differential cell growth induced by
osmotic pressure change [86]. The coiling direction is affected by the location of touch, a
phenomenon known as thigmotropism [85]. However, the fast closure of Venus Flytrap (VFT)
upon mechanical stimulation is not affected by the direction of the stimulus, and thus called
nastic response or thigmonasty. The VFT exploits a unique power amplification system that is
responsible for the fast leave closure. Further explanation of closure mechanism of VFT is
presented later. Passive shape adaptation includes the environmental humidity change induced
passive swelling or shrinkage of dead organs. Opening of pine cone and chiral seed pod are two
common examples of passive shape change. After the plants become mature, the scales of pine
cone (valves of seed pod) open to spread seeds inside the valves, while the environmental
humidity decreases. The bending or twisting of corresponding tissues induced by anisotropic
shrinkage are responsible for the opening motions of these plants [87], [88]. Figure 2-8 and
following context explained three interesting morphing examples in botanical world.
Venus Flytrap in the botanical kingdom possesses highest leaf closure speed (within
0.1s). Its trigger hairs on the inner surface (red side in Figure 2-7b) of the shell-shaped valve is
able to sense mechanical force, which generates action potential. Then the biochemical action
potential is transported to motor cells in the leave that is responsive to the morphology change.
Motor cells change the osmotic pressure by actively changing the water permeability in the cell
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membrane. For example, the active water influx increases the osmotic pressure that leads to
the expansion of cells and enlargement of tissue. The osmotic pressure change drives the shape
deformation, but is not the key factor of fast closure of the valves. The fast closure speed is due
to the bistable shell structure of the valve. Upon activation of motor cells, the mechanical
instability between two stable states facilitates the rapid deformation of the valve. The bistable
valve bending structure, in molecular scale, is generated by differential cell elongation and cell
wall reinforcement in the inner surface and outer surface, and the resultant anisotropic
mechanical strength lead to differential strain (Figure 2-8b) of the valve in two perpendicular
directions during cell expansion. The cells in the outer surface are highly elongated and
reinforced by microfibrils in x direction, and the strain energy stored speed up the inward
bending of the valves [1].
Another example of bistable morphing is the opening of pine cone. When the pine cone
is mature, the scales grow into well-distinguished two-layered manner with inner and outer
layer composed of two types of tissues, sclerenchyma fibrils and sclerids, respectively (Figure
2-8c). Perpendicular orientation of cellulose fibers on two types of cells and resultant
differential hygroscopic expansion is a crucial factor for the development of bistable
configuration and bending movement. When environmental humidity decreases, the scales
undergo differential shrinkage due to the different coefficients of hygroscopic expansion of two
layers, and thus lead to the bending behavior [87]. Experiments were carried out to
demonstrate the reverse motion of the pine cone scale by increase the moisture. The opening
of chiral seed pod is similar to that of pine cone, while their mature morphing organs are both
dead, and thus belongs to the passive shape morphing.
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Similar to the bending of the scale of pine cone, the two valves of chiral seed pod
(Figure 2-8a) are composed of two layers differentiated by the orientation of cellular fibrils
which is main component of the cell wall. The cellular fibrils on two layers oriented
perpendicular to each other, and +/- 45° to the longitudinal direction of the seed pod, resulting
in the helix development along longitudinal direction when humidity decreases [88]. Armon et
al designed the synthetic analog of this twisting structure by perpendicularly prestressing and
laminating two elastic films, and cutting strips out of the laminate at a specific angle. The elastic
energy balance lead to twisting shape (Figure 2-8a).

Figure 2-8. Bistable morphing structures of plants [1], [87], [88].

Daily movements of animals are much more complicated than the movements in plants.
Movements in animals are enabled by the collaboration of muscle contraction and relaxation,
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energy storage and release in tendon and rotation of joints. Researchers found that the whole
body acts as a continuum to balance the mechanical force such as self-weight, in order to
stabilizing the shape and reducing physical impact. Due to the seamless connection between
the internal cytoskeleton of cells and extracellular matrix (ECM) by integrin, and connections
among multiple types of filaments (actin-microfilaments, microtubules, intermediate filaments)
for integrity of cells, the tissues and organs composed of cells and ECMs share the tension and
compression. From molecular and cellular scale to the body scale, the mechanical force balance
is maintained by the so called structural tensegrity (tension integrity). The opposing tension and
compression elements (cytoskeleton filaments) generate internal tension (prestress) which help
maintain the equilibrium of mechanical force and thus stabilize the shape [84].
Muscle as a natural actuator controls the movement by contraction and extension. The
actuation signal is transported in nerve cells by releasing of Ca2+ ions [82]. The output
mechanical energy can be directly or indirectly transformed from metabolic energy to the
sensing, transportation and actuation processes. In particular, fast actuation in animals is
commonly achieved by prestretching muscles or other elastic elements in advance. During
movements, the elastic energy stored in the muscle or elastic tissues is rapidly released to
generate fast mechanical response (high power output).
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Figure 2-9. Morphing behaviors of animals [3], [89], [90].

Dermaptera (Figure 2-9a) is one type of the insects whose wing folding pattern is
amazingly textured, while the fully extended wing area is 10 times larger than the folded shape.
The continuous wing deployment and adaptation is facilitated by controlling the resilin (a
protein with high elasticity) in the elastic vein joint [89].
The jet-propelled locomotion of scallop is due to the bivalve structure connected by an
adductor muscle near the hinge (Figure 2-8b). The active contraction and relaxation of rubbery
adductor muscle cause the closure and opening of the two valves. It moves forward when the
muscle contract and eject water out of the ventral portion. In vivo mechanical performance of
scallop during jet-propelled swimming were analyzed by the aquatic pressure and flow rate.
The measured power output can be up to 225W/kg [82].
The fast movement by rapid elastic energy release is performed such as ballistic tongue
projection in chameleon [91]–[93], take-off of quail (Coturnix chinensis) [94], jet propulsion
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swimming of the scallop [90], etc. has been examined with great interest. Salamander
(Hydromantes) for instance, achieves high performance of ballistic tongue projection by
contracting protractor muscle in advance (Figure 2-9c). The release of strain energy in the
protractor muscles generates the mechanical energy which projects the whole protractor
muscle outside its body, just like a bullet being projected out by the spring [3] (Figure 2-9c).
Chameleons make use of the same principle of strain energy storage and release for fast tongue
projection. The power output (mean body-mass-specific power) in chameleon’s tongue
projection process can be up to 3185 W/kg [93], much overwhelming when compared to that of
bird hovering around 80W/kg [94], or to that of a young man jumping which is about 60 W/kg
[95]. In order to capture the prey in a fast and effective way, the tongue movement is not only
extreme in speed, but also possesses great adhesive force and comprehensive adhesivity on the
tip of tongue. The projection force in a horned frog tongue was measured of up to 1000 mN
when it touched a glass slide, and the pulling force can be higher than 1500 mN [96].

2.2.2

Manmade Morphing Structures
Compared to the smart, light weight, flexible and mostly polymer-based natural

actuation systems, conventional man-made actuators including electromagnetic motor and
combustion engine are limited in terms of power supply, bulk, and low energy efficiency [48].
Inspired by the understanding of biological actuation system and limitation of conventional
actuators, a variety of biomimetic shape morphing soft actuators with potential application in
aerospace [22], [23], biomedicine [9] and robotics [97], have been designed and developed.
Stimuli-responsive material-based soft morphing strategies including solvent swelling [17], [98],
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thermal expansion/contraction [99], [100], hydration/dehydration [99], [101], photo-induced
isomerization [102], [103], electrical actuation [12], [29], [79], etc. have been evaluated.
Structural designs relevant to morping developed together with material advancement,
including anisotropic structure [17], morphing MSs [19], [24], [80], hierarchical structure [104],
antagonistic systems [77], etc. Taking anisotropic structures for example, anisotropic
mechanical strength and hydrophilicity can be generated using various approaches, enabling
the actuator to morph along certain directions. For example, polymer composites possessing
mechanical anisotropy is one of the biomimetic solutions. Inspired by the differential
mechanical properties in plant cell wall or organs, which are commonly generated by
directional fiber reinforcement, artificial polymer composites fabricated through additive
manufacturing have been investigated. For example, 4D printing [17] is able to print smart
materials by embedding structural reinforcing elements (fibrils [17], crystals [102], [105],
composite tubes [23]) into isotropic matrix as well as control over the alignment. The resulting
composites possess anisotropic strength or hydrophilicity, due to the different properties of
elements. Anisotropy can also be obtained by other means, including chemical and physical
modification on isotropic materials [17], [102], [105], hierarchical structure design [15], [104],
anisotropic stretch [22], etc. The resulting anisotropic materials can change shape along
preferential directions under a given stimulus.
To illustrate the anisotropic deformation, three examples in Figure 2-10 present bending
motions activated by light, heat and water. While in Figure 2-10a and c, the anisotropic
properties (thermal expansion, hydrophilicity, mechanical strength) are generated in different
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layers, Figure 2-10b exploits directional applied stimuli to produce anisotropic deformation of a
homogeneous active matrix.

Figure 2-10. Bending behavior of synthetic morphing structure [102] [105] [108].

In Figure 2-10a, a light-induced bending of a strip is created as a self-walking device
using photoresponsive bilayered graphene paper composed of graphene oxide (GO) and
reduced graphene oxide (rGO). The bending is induced by light due to the excellent
photothermal property of graphene. The thermal expansion of rGO layer and water desorption
of GO layer help develop the bending moment on the bilayered thin film [99].
Photoisomerization, the molecular behavior in which structural change of isomers (cis
and trans) activated by different wavelengths of light, induces macroscopic shape change that
takes place in certain liquid crystalline polymer (azobenzene). Kumar et al found that
fluorinated azobenzene doped nematic liquid crystal film can keep oscillating bending while
being exposed alternatively to green (λ=530nm) and blue light (λ=405nm). Further analytical
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experiment demonstrated that the green light activates trans-cis isomerization, and blue light
activates cis-trans isomerization. Increasing in trans isomers causes bending of the film [102].
Morphing can be induced by anisotropic swelling of polymer composites under isotropic
stimulus (water). MIT Media Lab developed a transformable food in “flat packaging” convenient
for shipping. The designed product is flat in the shipping process, and change shape after being
immersed in water, which reduces the shipping cost. In the experiment, the researchers made
use of different hydrophilicity and stiffness of ethyl cellulose (low water absorption) and gelatin
(higher water absorption), and developed a three-layered structure which can bend
directionally during hydration. Gelatin film serves as the matrix with density gradient during
film casting, with higher density on the top and porous structure in the bottom of the film. This
difference in density in gelatin film causes differential water absorption in both rate and
capacity, leading to the upward and downward bending behavior. Additionally, the directionally
aligned ethyl cellulose fibers on the top of the gelatin matrix affects the bending direction due
to the higher stiffness of cellulose fibers, and also impacts the water absorption of top surface
of gelatin matrix [106].
Another promising strategy of structural design is morphing MSs that stand out for large
displacement, fast morphing speed, shape stability and energy conservation. There are several
methods to create morphing MSs (Table 2-2), and a variety of stimuli can be applied to activate
the shape transformation.
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Table 2-2. List of multistable structure categories, mechanisms and examples.
Multistable structures

Causes

Examples

Laminated sheet

Residual thermal
stress

Asymmetric laminating of carbon
fiber reinforced prepreg [107]

Residual elastic energy

Prestressed Nylon reinforced
polymer matrix [108]

Induced elastic energy

Globally [109], [110] or selectively
[111] prestressed lamina

Boundary constraints
(strained when
balanced)

Thin shell with compressive in-plane
force around the boundary [19],
[112]

Boundary constraints
(unstrained when
balanced)

Cured 3D pleated structure [113];
Von Mises Truss with elastic joints
[104]

Buckled tensegrity
structure

Figure 2-11 shows 4 examples of morphing MSs, representing the two general
categories of morphing MSs design including film laminating, and buckling with constraint
boundaries.
Figure 2-11a represents an explorative research in both material and structure inspired
by the VFT. The bistable shell structure with responsive surface was created and triggered via
multiple stimuli. The plate buckling and confined boundary contributed to the development of
bistable configurations as well as stress-induced shape transition. For the bistable shape design,
a silicone substrate with numerous holes and another thin silicone film attached to the holes
were used. By inflating the substrate and casting a thin silicone film seamlessly on the holes of
the substrate, followed by deflation, a compressive in-plane stress around the border of silicone
film is developed. The in-plane stress buckles the 2D film and produces 3D bistable domes, with
either convex or concave shapes. The bistable shape transformation is induced by differential
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volume change on top and bottom of the thin silicone film. By introducing oxygen plasma into
the shell outer surface, the chemical reaction induces volumetric decrease which causes
convex-concave transition, while the solvent induced increase of osmotic pressure on the outer
shell surface gave rise to the concave-convex transition [19].
In Figure 2-11c, a novel design of deployable skin inspired by the pleated wing of
Demaptera, is proposed as adaptive camouflage. The bistable structure has simple fabrication
steps but complex load bearing capacity (stiffness tailoring) due to the origami texture. It is
fabricated by curing silicon into a predefined 3D configuration, reinforced with a piece of paper.
The two stable structures are stress free, while during morphing, the stresses are concentrated
on the folded lines. The snap-through is activated by applying vertical load to the structure
[113].
The von Mises truss is a simple bar structure consisting of two bars connected at the top
to each other [104]. Following the shape of Von Mises Truss (VMT), a bistable actuator was
created with a defined stroke length and force bearing capacity (Figure 2-11d). It was followed
by the design of hierarchical structures based on the bisable unit. The VMT is composed of a pin
for linear motion, 4 stiff trusses, 1 bracked for boundary set, and 8 elastic joints connecting the
trusses and bracket that are crucial in buckling instability. When the external load is applied to
linearly move up the center pin, compressive forces are generated by the elastic joints, which
deform the joint to facilitate the buckling. The elastic energy accumulated in the joints reaches
to a maximum in the snap-through point, after which the bistable unit rapidly deform to the
other stable state [104].
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Figure 2-11. Synthetic multistable structures [19], [104], [113].

Among all the methods for designing morphing MSs, plying of fiber-reinforced polymer
sheets is the most investigated. Often the analysis of these structures using finite element
analysis (FEA) [114], composite sheet (beam) bending theory, as well as the energy
approximation theory [107] for bistable shape prediction and blocking force analysis has been
reported. Bistable laminated structures have been investigated following Hyer [107], [114],
[115] to show that thin unsymmetric laminates cured into cylindrical structures rather than
saddle shapes. By embedding directionally aligned carbon fibers into isotropic polymeric matrix
(epoxy) at high temperature, anisotropic mechanical strength is obtained within the composite.
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By unsymmetrical stacking of anisotropic composite and curing, the initial flat thin prepreg
laminates bend into bistable cylindrical shape, due to anisotropic thermal contraction and
mismatch of contraction in different layers during cooling down.
More specifically, the low thermal expansion coefficient along fiber direction and high
thermal expansion coefficient perpendicular to fiber direction, leads to the anisotropic in-plane
expansion. When multiple layers are plied at an angle, the mismatch of in-plane expansion
leads to the development of bending or twisting moments along different directions, leading to
the multistable configurations. The multistability and magnitude of out-of-plane deformation
are influenced by several parameters, such as the stiffness of laminate [116], fiber alignment,
ply angle and number of layers [117]. According to these parameters, experiments are
performed to study the fiber-reinforced composite MSs.
Figure 2-11b is an application based bistable structures investigation aimed at ambient
vibrational energy harvesting. The bistable carbon fiber reinforced polymer (CFRP) is studied
together with the adhered macrofiber composite (MFC), in order to convert the vibrational
energy to electrical energy. The MFC is a great piezoelectric material which can transform the
mechanical energy into electrical energy, or morph under electric activation. The vibration is
provided by a shaker, and amplified by attaching four steel cubes [25].
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Chapter 3 Bioinspired Dielectric Bistable Actuator
Abstract
Dielectric elastomers (DE) are promising actuator materials that feature large actuation
strain under applied electric field. In general, they have relatively low elastic modulus and
excellent extensibility comparable to natural muscles. DE-based actuators (DEA) are developed
to mimic the properties and functionalities of human muscles, with versatile applications in soft
robotics [6], [8], human assistive devices [10], etc.
In this work, we describe a novel approach to build a robust multi-layered dielectric
bistable actuator (DEBA) that can be actuated under moderate electric field (40-60 V/μm).
Upon snap-through of the bistable shape, DEBA self-equilibrates to another stable state within
seconds and self-stabilizes in the deformed state without the need of continuous voltage supply
to maintain the shape. The concept of bistable shape presented here is inspired by the Venus
Flytrap that closes its leaves within in 0.1 second upon contact, due to the turgor pressure
activated bistable shape transition. We also present another actuator concept inspired by the
elastic energy management of the salamander’s tongue, the ballistic extrusion of which
employs the spring mechanism for high power output. In this research, the DEBA is composed
of three structural layers – two prestrained DE layers sandwiching a stiffer polymer layer - for
bistable shape construction, and a pair of electrodes forming the electroactive region in one of
the DE layers.
We investigated the shape and bistability dependence, the electric field required to
trigger the snap-through (Ec), as well as the blocking force it can generate. With experimental
and theoretical analyses we predicted bistable shape and range, which allow us to optimize the
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actuation and performance. The DEBA yields in-plane robustness, low weight (0.3g) and small
total thickness of around 300µm, fast morphing speed up to 150mm/s, and can be electrically
actuated at an electric field of 40-60V/μm, generating a blocking force of about 4.5mN.

3.1

Introduction
Dielectric elastomers (DE) belong to a class of electroactive polymers (EAP) that undergo

large deformation (380% areal strain after prestretch [118]) under an applied electric field. The
working principle of DE materials is best explained using a parallel plate capacitor with two
compliant electrodes and the DE as the medium. The Maxwell stress (electrostatic stress)
produced between the two compliant electrodes deforms the DE and can be harnessed into
necessary motion.
After the discovery of DE actuation in 1880 by a German physicist, Rontgen [42], much
work is carried out to better understand the principle of DE actuation as well as, enhance its
utility and performance. Despite many seminal developments in DE materials and fabrication
[37], [119], electrode materials [39], [40] and design [119], significant limitations such as high
operating voltage (5-10 kV) and the necessity to apply continuous electric field to maintain
deformation leading to dielectric breakdown, restrict the wider application of the DEs. As a
result, one of the primary focus of research in DE has been on the improvement of actuation
strain at lower voltage. Approaches in this regard, involve judicious prestretching of DE films
[49], [56], fabrication of thinner [63] and softer [52], [62] DE films, enhancing dielectric
behavior [51], [65], [67].
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Bistable structures offer many opportunities to design actuators with low-energy shape
transformation and stability in multiple states. Natural examples of bistable structures include
bistable leaves of Venus Flytrap [1], chiral seed pod in response to the humidity change [88],
saddle-shaped elastic element in the appendage of the Mantis shrimp [121], etc. are excellent
designs to adapt in this effort.
Bistable shells can be created by using single film with boundary constraints [19], [112],
or by using multiple films laminated with asymmetric elastic stresses [109], [111], [122]. For the
latter one, the in-plane stresses deform 2D elements into 3D shapes, such as orthogonal curved
disk [112] and helix with opposite handedness [88]. Various external stimuli can be used to
trigger the snap-through for transformation of the bistable shape, according to the materials
being used as well as the applications. For example, smart materials such as SMA and MFC can
be attached to the bistable CFRP to transfer the electrical energy to mechanical snapping of the
bistable shape [80], [81], [123].
In this research, we explore a laminated prestrain-induced bistable DEA, similar to the
bistable leaves of Venus flytrap and elastic energy management for salamander’s tongue
extrusion (described in Chapter 2.2.1). In our trilayered structure forming the tape spring
actuator, two dielectric elastomer (DE) layers are used both for elastic energy storage and
actuation, while a thin polymer film with significantly higher stiffness is placed in the middle for
providing a neutral plane for bending. This experiment exhibits a simple way to create an allpolymer bistable structure, and a novel exemplar of DE actuation. Needless to say, the actuator
does not require continuous application of potential to maintain either of the two states and
therefor is energy efficient.
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3.2

Experimental

3.2.1

Parameter definition

Table 3-1. Parameter definition
W

Width of the tape spring DEBA

L

Length of the tape spring DEBA

ht hb hs h

Thickness of the (top and bottom DE layers, middle support layer, tape
spring laminate)

Es Ea

Young’s modulus of the (support layer, DE active layer)

ɛxb ɛyb ɛxt ɛyt
σxb σyb σxt σyt

Prestrain on the (x- and y-direction on the bottom layer and on the top
layer)
Stress due to the prestrains of DE layer, obtained from stress-strain curve
of DE film

Pxb Pyb Pxt Pyt

Contractile force due to the prestrains of the two DE layer

et eb

Distances between the mid-planes of the prestrained DE layers and neutral
plane of the laminate (support layer)

ρxz Cxz

Radius and curvature of the shape in state 1 in xz-plane. α=W/(2ρxz)

α

Angle of the bent shape in state 1 in xz-plane

Sy

Roll-up speed of tape spring DEBA from flat state to state 2, in yz-plane

Mx
My

Bending moment of the tape spring DEBA about x-axis, induced by
prestrains in y-direction
Bending moment of the tape spring DEBA about y-axis, induced by
prestrains in x-direction

Iy

Moment of inertia in yz-plane with respect to y-axis for tape spring DEBA in
flat state

Ix

Moment of inertia in xz-plane with respect to x-axis for tape spring DEBA in
state 1

3.2.2

Materials
The laminated bistable actuators are fabricated by bonding two orthogonally

prestrained acrylate adhesive elastomer films (VHB-4905, 3 M Corp., MN) as dielectric
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elastomer (DE) layers to a support layer of either polyimide (PI, Kapton 100HPP-ST, DuPont, DE)
or polyester (PET RF025, DUNMORE Aerospace, PA) films of the same thickness (25m) but
different elastic moduli, see Table 3.2. The DE films serving as top and bottom layers, were prestrained biaxially using a pantograph-like stretching device. The films were held in stretched
state until bonded to the support layer. The stress-strain curve of VHB was measured using a
tensile tester and is shown in Figure 3-1. During fabrication, VHB 4905 was pre-stretched
biaxially in order to introduce the strain energy, as well as to decrease the film thickness for
electrical actuation. Pre-stretch value and anisotropic pre-stretch ratio were crucial in bi-stable
structure design and actuation performance.

Figure 3-1. Stress-strain curve of VHB 4905.
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Table 3-2. Properties and dimensions of DEBA films.
Laminates’
Components

Material

Thickness
(µm)

Young’s modulus
(GPa)

Dielectric constant
(at 1kHz)

DE layer

VHB 4905

500

0.00022

3.21

Constraint
layer

Polyimide film

25

2.5

3.4

Polyester film

25

4.9

3.2

*Young’s modulus of DE film was obtained from experiment, and other numbers listed are
product information from company website.

Prior to bonding the films together, electrodes were applied to the appropriate
positions of the actuators (See Figures 3-3a). We needed to place one pair of electrodes around
the bottom DE layer (refer to Figure 3-3a, design to be discussed later); one inside the laminate
and the other on the outside. We used two types of electrode materials in fabricating the
actuators, carbon grease (Chemtronics Circuit Works, Kennesaw, GA) and PEDOT/PSS,
(OrgaconTM EL-P5015, Agfa-Gervaert N.V.) for the inside and outside electrodes, respectively.
Adhesion to both DE and the support layer was a key consideration in choosing PEDOT/PSS for
the inside electrode. The PEDOT:PSS was screen printed onto support layer using 110 mesh
screen and cured in an oven at 130 °C for 3 minutes before use. The easily applicable carbon
grease electrodes on the outside of the DE layers were applied using a brush and a mask of
polyethylene film. The properties of electrodes were listed in Table 3-3.
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Carbon grease (poor adhesion)

PEDOT:PSS (good adhesion)

Figure 3-2. Adhesiveness of the middle electrode (between support layer and bottom DE
layer).

Table 3-3. Properties of compliant electrodes
Electrode
Carbon grease [39]
PEDOT:PSS [124]

Resistivity
50 kΩ/cm
0.0359 Ω/cm

Reason of use
Good adhesion, inexpensive
Excellent adhesion, uniform

In order to connect the electrodes to the power supply, soft and flexible electrical leads
were established using very lightweight CNT yarns (Nanocomp Technologies, Inc., NH) with one
end attached to the electrode using a small bead of silver epoxy (MG Chemicals, B.C., Canada).

3.2.3

Fabrication of tape spring DEBA
The directional prestrains in the DE layers are critical in bending the laminates and thus

creating the bistable shape, as well as determining the electromechanical response of the
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laminated actuators. The top layer was prestrained unidirectionally in the y-direction (εyt) and
the bottom layer was prestrained in both x-(εxb) and y-directions (εyb) (Figure 3-3a). In our
design the bottom layer serves as the active layer for electric actuation. x-direction prestrain
(εx) helps develop bending moment about y-axis (My), and the curvature in xz-plane thereby
increases the area moment of inertia in about x-axis (Ix) sufficiently to help stabilize state 1,
while the additional prestrain in y-direction in the bottom layer (εyb) is applied to decrease its
thickness of bottom layer to further increase the electric field produced during electrical
actuation. The middle support layer with high elastic modulus helps hold the DE layers in the
prestrained state and provides a zero-strain neutral plane for the resulting curved shape. Then
the laminate was cut into tape spring shape (similar to the frog tongue) (Figure 3-3b). After the
external stretch was released, the contractive stresses as shown in Figure 3-3c, contribute to
equilibrium state 1 and 2, respectively (Figure 3-3d, e).
In order to actuate the bottom DE layer, two circular shaped electrodes and two CNT
leads were attached to both electrodes (Figure 3-3a). The middle electrode was PEDOT:PSS and
was printed on one side of support layer, while the bottom electrode was carbon grease and
was brushed evenly on the bottom side of the bottom DE film. Two CNT yarns tip coated with
silver epoxy were used to connect the electrodes and external voltage supply. The tape spring
DEBA as shown in Figure 3-3d, e, was then mounted on the acrylic stage for shape
characterization and electric actuation.
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Figure 3-3. Fabrication of tape spring DEBA. (a) The top and bottom DE films are prestretched
orthogonally, with a stiff support layer in the middle. A pair of compliant electrodes sandwich
the bottom DE film for electric actuation. (b) The three layers are attached and cut along the
dotted line, with a zoom-in shape in (c). After the removal of external constraints, the laminate
self-equilibrates into (d) state 1 and, (e) state 2.

3.2.4

Experimental methods
After the fabrication, the bistable shape of tape spring DEBA was recorded by a two-

camera imaging setup for subsequent image analysis. In the electric actuation step, the sample
was connected to external high voltage supply, while the voltage output was controlled by the
computer. Finally, the blocking force measurement was carried out by MTS tensile test
equipment and results were visualized on the computer (Figure 3-4).
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Blocking force
analysis
Tensile test setup

Cameras

Computer 2

DEBA sample

Image
processing

Computer 1

(1)
High voltage supply
(2)

Voltage
control

(3)

Figure 3-4. Experimental flow of tape spring DEBA characterization. The flows in brackets (1)
(2) (3) represent bistable shape characterization, dielectric actuation and blocking force
measurement, respectively.
3.2.4.1

Bistable shape characterization
Bistable shape was characterized by curvature in xz-plane (Cxz) for state 1, and roll-up

speed in yz-plane (Syz) for state 2. After fabrication steps, the tape spring DEBA was mounted on
actuation stage made of acrylic board with embedded electric circuit. Two cameras were placed
on xz-plane and yz-plane to capture the Cxz, and Syz when tape spring DEBA was actuated from
state 1 to state 2, respectively (Figure 3-5a, b). A tweezer is used to manually actuate the snapthrough of the tape spring DEBA for Syz measurement (Figure 3-5c). The results of bistable
shape were visualized by Measurement and Automation Explorer, recorded by screen recorder
(CamStudioTM) and analyzed frame by frame with Image analysis program (Image J, NIH).
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(a)

(b)

x

xz-plane camera

z

y

yz-plane camera
xz-plane camera
scale

(c)
tweezer

t0 = 0 sec.
(d)

L0
0.4 sec.

tt = 0.8 sec.
Lt
Figure 3-5. Bistable shape characterization of tape spring DEBA. (a) Schematic of two cameras
in xz plane and yz plane. (b) Stage and camera setup for shape capturing. (c) Manually snapping
the tape spring DEBA by tweezer. (d) A series of DE samples with εxb as the variable.
3.2.4.2

Electrical actuation
We used CNT yarns tip coated with silver epoxy for reducing contact resistance, to

connect the electrode with a Bertan 225-30R high-voltage power supply (Spellman High Voltage
Electronics Corp., Hauppauge, NY). The voltage was increased at a constant rate of 500 V/sec
from 0V. The voltage increment and visualization of snap-through behavior of the actuator
were programed by LabView and Measurement and Automation Explorer.
As applied voltage is increased, the movement of the tape spring can be described as
two steps (Figure 3-6c). First step is the actuation part where the electric field induced
expansion of the bottom DE layer begins to unbend the Cxz in the active part of the actuator,
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leading to the reduction of Ix. This is followed by a rapid snap-through part which generates a
displacement in the y-direction within seconds, characterized as Syz. The critical voltage (or
critical electric field) required to snap the actuator is defined as Vc (or Ec). We used same
camera setup as shape characterization in Figure 3-5a, b to record the change of Cxz and
dynamic snap-through behavior. Image signal and real-time voltage were simultaneously
presented on each frame in the video. The results were analyzed frame by frame with Image
analysis program (Image J).
(a)

(b)
Compliant electrodes

(c)
Actuation

Snapping

CNT leads

Figure 3-6. Electric actuation of tape spring DEBA. (a) tape spring DEBA sample. (b) Electric
actuation setup. (c) Two steps of actuator movement: actuation step and snapping step.
3.2.4.3

Blocking force measurement
When the input voltage increases from 0V, the enhancement of actuation strain of the

bottom DE layer unbends the actuator, leading to the reduction of Cxz. At the point when the
external voltage reached the Vc, and the Ix is decreased to an extent not large enough to sustain
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the Mx (induced by εy), the tape spring actuator snaps to state 2. The vertical force (z-axis)
generated at the snap-through point is defined as the blocking force. At the snap-though point,
the blocking force is captured by tensile test equipment (MTS Systems Corporation, MN). 1N
load cell was used together with a 3D printed plastic (polymethacrylate) screw for force
transduction and electrical insulation. One tip of screw is circular with a diameter of 6mm as
contact surface between load cell and laminate actuator (Figure 3-7).

(a)

(b)
Load cell

Insulating tip

Clamp
Power supply

1.27cm

Figure 3-7. Schematic of blocking force measurement.

3.3
3.3.1

Results and Discussions
Bistable shape of tape spring DEBA
The shape of the bistable laminated actuator is mainly determined by the applied

prestrains on the top and bottom DE layers, as well as the bending modulus of middle support
layer. The curvatures in xz-plane (Cxz) of state 1, and the average roll-up speed along the y50

direction in yz-plane (Syz) were used to characterize the shape of the bistable structure. We
selected Syz but not curvature in yz-plane for shape characterization of state 2 due to the
following reasons: (1) In our experiment design, speed is an important parameter of the
actuator performance, showing the amplified power output. (2) Curvature of the actuator for
state 2 is hard to determine because of the stacking of rolled part (Figure 3-3). Here we studied
the influence of three important parameters (actuator dimension, prestrain level, as well as the
stiffness of support layer) on the bistable shape of tape spring DEBA. In all cases, the x-direction
prestrain in the top layer (εxt) was held at 0%.

3.3.1.1

Effect of actuator dimension.
To explore the effect of dimensional parameters on the bistable tape spring shape, the

width of the bistable structure, W, was varied between 3- 35mm while the length L is held
constant 35mm. Kapton film with thickness of 25µm and VHB 4905 were used, and the prestain
levels in the top and bottom layers were held constant at, εxb = 30%, εyb = 100%, and εyt = 200%.
The Cxz were plotted as a function of the non-dimensional parameter, W/L (Figure 3-8). As
expected the curvature remains constant over the range of W/L, however, at higher values of
W/L, the measured curvature seems to drop due to the material’s own weight. Overall, we can
still assume that the morphology of this bistable structure is independent of the dimension,
which is supported by theoretical analysis of bistable shape (see Appendix).

51

Figure 3-8. Effect of actuator dimension on the bistable shape.
3.3.1.2

Effect of prestrains
The variation of biaxial prestrains on DE layers brings about the change of film thickness,

which amplifies the complexity of the bending behavior. As shown in the true stress-strain
curve of VHB 4905 in Figure 3-1, we assume the elastic modulus of DE remains constant at
various prestrains.Figure 3-1. Stress-strain curve of VHB 4905.
The effect of prestrains in the two DE layers was studied with VHB 4905 and Kapton
with thickness of 25μm, by systematic variation of one prestrain while keeping the other
prestrains unchanged, and the dimension of actuator constant (W=15mm, L=60mm). and Table
3-4 showed the results of bistable shape change, and great consistency between experimental
Cxz and theoretical Cxz.
In order to understand the bending behavior of the laminate and predict the
morphology of the bistable shapes, we came up with theoretical analysis on the prestressed
bistable laminate shape. The theoretical Cxz was derived by the standard force balance analysis
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used in determining stress distribution in prestrained concrete structures [125]. We assumed
linear bending behavior of the laminate as well as ignore the loading due to gravity. The
resulting equilibrium Cxz was expressed as following (see Appendix for calculation details),
𝑀𝑦

2 (𝜎𝑥𝑏 ℎ𝑏2 −𝜎𝑥𝑡 ℎ𝑡2 )

𝐶𝑥𝑧 = 𝐸𝐼 = 5𝐸
𝑦

3
3
3
𝑎 (ℎ𝑡 +ℎ𝑏 )+𝐸𝑠 ℎ𝑠

Equation 3-1

where all parameters are listed in Table 3-1 and Figure A 1.
According to the equation, we noticed that the length (L) and width (W) of the tape
spring DEBA have no effect on the Cxz, which is supported by the experimental results (Figure
3-8).
Table 3-4. Effect of prestrains on the bistable shape of tape spring DEBA.
Prestrains on Prestrains on
top layer
bottom layer
εxt
εyt
εxb
εyb

Experimental Calculated
curvature
curvature
(exp Cxz)
(calc Cxz)

Roll-up
speed (Syz)

Unit

%

%

%

%

m-1

m-1

mm/s

Effect
of εxb

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

200
200
200
200
200
200
200
200
200
200
200
100
150
200
250
300
350

10
30
50
70
90
50
50
50
50
50
50
50
50
50
50
50
50

100
100
100
100
100
20
40
80
100
120
160
100
100
100
100
100
100

153.246
155.3647
169.8413
158.6722
141.6968
530.329
449.1761
221.883
148.562
108.941
82.36
100
130.35
170.6027
210.1959
225.5435
257.1177

64.78778
108.9768
115.1557
109.1923
99.41288
245.4036
200.0017
136.8315
115.1557
97.99686
73.12295
95.08571
107.2912
115.1557
120.4741
124.2371
127.0049

0
0.862373737
30
90
193.8
0
0
14.10815
80
138.23
238.367
200
74.674
46.965
38.528
35.24364
35.52545

Effect
of εyb

Effect
of εyt
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In the experimental part, when the εyt and εyb remained fixed at 200% and 100%, and εxb
was increased in steps, from 10% to 90%, the Cxz increased initially, reaching a peak, and then
decreased, while Syz increased continuously (Figure 3-9a). Increasing the εxb has two effects on
the shape of state 1:
(1) decreases the bottom layer thickness (hb) which reduces the bending stiffness of the
laminate about x and y-axis;
(2) decreases hb which lowers My (due to the decrease of eb), but increases Mx;
(3) increases the contractile stress (σxb) which contributes to the increase of My.
According to Equation 3-1, (1) and (3) have positive effect on building the curvature in
xz-plane (Cxz), while (2) exerts negative effect on that. (1) and (2) also exert positive effect on
laminate’s bending about x-axis, which is shown in Figure 3-9a as the increase in Syz. More
specifically, when εxb is below 50%, the increase in My due to the rise of σxb as well as the
reduction of EIy have predominated effect on the enhancement of Cxz, while further increasing
εxb, the reduction of hb plays a major role in reduction of My and thus reduces Cxz. Overall, the
increase of ɛxb leads to faster Syz. This is because of the reduction of hb and thus the decrease of
bending stiffness (EIx).
On the other hand, if we increase the εyb from 20% to 160%, and keep the other
prestrain levels constant (εxb = 50%, εyt = 200%), the Cxz drops dramatically, and the Syz keeps
increasing (Figure 3-9b). Here we need to note that the continuous thickness drop in the
bottom layer (hb) determines the monotonous reduction of Cxz. Because the increasing of εyb
reduces hb, which decreases the My far more remarkably than the decrease of EIy. Although Syz
increases monotonously, the effect of εyb is a lot more complex. The increase of εyb gives rise to
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the σyb which lowers the overall My, and exerts negative effect on the enhancement of Syz.
However, the increase of εyb also decreases hb, which enhances the overall My, and thus help
increase Syz. Moreover, the resulting reduction of bending stiffness of the laminate improves
Syz. Right now, we cannot make quantitative explanation on this complex effect, but simply
considering it as that the cumulative positive effects of εyb increase on the transition speed
(induces reduction in bending stiffness and improvement in bending moment My) overcome the
negative effect of εyb increase (induces decrease in bending moment My). This consideration is
in consistency with the phenomenon seen in Figure 3-9a, where Cxz starts to go down when σxb
keeps increasing.
Lastly, we increased the εyt from 100% to 300%, in steps of 50%, while keeping other
prestrains constant (εxb=50%, εyb=100%), and the Cxz of the tape spring DEBA increases almost
linearly (Figure 3-9c), while the Syz drops. The rise of Cxz is simply owing to the reduction of EIy
induced by the decrease of ht. Although Syz decreases monotonously, the complexity effect of
εyt on this transition speed is similar to the monotonous Syz increase. Again, the induced
reduction of hb, the resulting reduction in bending stiffness, and two opposite induced change
in My, can only be simplified as such: the negative effect of εyt increase on the transition speed
(reduction in My) overcomes the positive effect of εyt increase (reduction in bending stiffness,
enhancement in My).
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Figure 3-9. Effect of prestrains on the bistable shape. The Cxz (solid black line, ), Syz (solid blue
line, ▲) and calculated Cxz (dotted black line, ) change as we changed (a) prestrain in x
direction in the bottom layer (εxb), (b) prestrain in y direction in the bottom layer (ɛyb), and (c)
prestain in the y direction in the top layer (ɛyt), while other prestrains were kept constant. Filled
symbols represent bistable samples, and unfilled symbols represent monostable samples.
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(a)

(b)

(c)
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In this section, we demonstrated the importance and complexity of the prestrain
combinations of DE layers on the bistable shape of the tape spring actuator. Excitingly, the
experimental results and theoretical analysis are highly consistent. However, there are still
limitations required further improvement:
Theoretically, we made some assumptions:
(1) Curvature in xz-plane is small, and the materials are linearly elastic (to comply with
the Euler-Bernoulli beam theory). (However, in the real case, the experimental curvatures of
under some prestrain combinations are quite large; and from the stress-strain curve, DE film
has viscoelastic property, albeit small)
(2) In calculating the bending moments, we assume that support layer serves as neutral
plane, and the stresses in DE layers along z axis decrease linearly from the neutral plane (σ is
obtained from true stress strain curve of VHB 4905), to the most outside of the DE layers (σ=0).
(3) The flexural rigidity of the trilayered laminate follows the bending behavior of
symmetrical sandwiched beam, with some modification.
Experimental derivations are:
(1) The manual process of laminate fabrication might induce some prestrain derivation,
and misalignment in laminating the three layers.
(2) The manual cutting (with blade) of the laminate into tape spring (frog tongue) shape
might induce small stress redistribution at the boundary.
(3) Although the VHB 4905 tape has generally good adhesion to the support layer
(Polyimide and PET), there is still small shrinkage on the boundary of the laminate (around
1mm).
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(3) In the shape imaging process, we fix the scale at a constant related spatial distance
to the tape spring actuator (Figure 3-5b), which eliminates the variation of the results among
samples. However in the image, the value of Cxz is dependent on the related distance between
scale and sample, there is inevitable derivation of the Cxz captured from camera to the real Cxz.

3.3.1.3

Effect of stiffness of support layer
To elucidate the effect of modulus of support layer, we performed further experiments

with two types of support layer (PET film, Kapton film), and compared the shape differences of
the tape spring DEBA. PET film has the elastic modulus almost twice of the Kapton film (Table
3-2). The dimension of the tape spring DEBA is same throughout the experiment, unless
specified (L = 60mm, W = 15mm). The experimental results are shown in Table 3-5 and Figure
3-10.
Table 3-5. Effect of support layer stiffness on the bistable shape of tape spring DEBA. “-”
means no reading because the sample is monostable in state 2 (cannot self-equilibrate in state
1).
Prestrains
on top layer
εxt
εyt
%
%
0
200
0
200
0
200
0
200
0
200
0
200
0
200
0
200
0
200
0
200

Prestrains on
bottom layer
εxb
εyb
%
%
20
80
60
80
120
80
160
80
220
80
10
100
30
100
50
100
70
100
90
100

Cxz-Kapton
as support
layer

Cxz-PET as
support
layer

Syz-Kapton
as support
layer

Syz-PET as
support
layer

m-1
170.9067
216.0838
235.7329
186.7987
145.1498
153.246
155.3647
169.8413
158.6722
141.6968

m-1
115.6368
125.6899
111.9672
100.1256
90
94.09129
103.4586
78.91236
-

mm/s
0.553
33.72727
128.3667
135.8333
416
0
0.862373737
30
90
193.8

mm/s
0
64.48833
132.3767
436.16
0
3.885366
60.74667
201.36
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By increasing εxb from 20% to 220%, while keeping other prestrains constant (εyb=80%,
εyt=200%), Cxz of Kapton supported laminate is larger than Cxz of PET supported laminates, and
both increases, shows a peak of maximum Cxz, and then decreases. Sy increases in both groups
while the PET supported laminates has lower Syz than the Kapton supported laminates.
Moreover, they are both monostable in state 1 when εxb is 20%. And as the εxb increases, both
groups become bistable until PET supported laminate stays monostable in state 2 when εxb is
160%. However, Kapton supported laminate becomes monostable in state 2 when εxb reaches
220% (Figure 3-10a). In the second plot, we elevate εyb to 100%, and keep εyb=100%, εyt=200%.
Then we increase the εxb from 10% to 90%. The resultant Cxz of both PET and Kapton supported
laminates (Figure 3-10b) are lower than those in the first plot (when εyb is constant at 80%), and
the bistable range (regarding the εxb change) is smaller. In another word, the difference of εyb
results in differences in bistable shape and bistability of the laminate (explanation of this
phenomenon can refer to Chapter 3.1.1.2 Effect of prestrains).
Overall, the modulus of support layer is demonstrated to be significant in the bistable
configuration, while the higher modulus results in smaller Cxz and Syz, as well as smaller bistable
range when we varied the prestrains. For the bending behavior of a simple beam or sheet, the
bending stiffness is directly proportional to the elastic modulus. Kapton has about half elastic
modulus (2.5 Gpa) of PET (4.9 Gpa), and thus exerts about half resistance to bending compared
to PET, which illustrated in the bistable shape of tape spring DEBA as almost twice Cxz.
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Figure 3-10. The effect of support layer stiffness on the bistable shape. PET (E=4.9GPa) and PI
(E=2.5Gpa) as support layers. Cxz () and Syz (▲) of the tape spring actuator with PET (dash
line), and PI (solid line) as support layer plotted as a function of, (a) x-direction prestrain in the
bottom layer (ɛxb), while ɛxt= 0%, ɛyb= 80%, ɛyt= 200% are held constant, and (b) x-direction
prestrain in the bottom layer (ɛxb), while ɛxt= 0%, ɛyb= 100%, ɛyt= 200% are held constant. Filled
symbols represent bistable samples, and unfilled symbols represent monostable samples.
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(a)

(b)
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3.3.2

Bistability analysis of tape spring DEBA
While changing the prestrains of the DE layers, the resulting laminated structure was

not always bistable. For example, if the flexural rigidity (EIx) about x-axis is not large enough to
resist the bending moment (Mx) induced by prestrains in y-direction (ɛy), the laminated
structure would result in monostable in state 2. Otherwise, if the EIx is too large for the Mx to
bend the laminates, and the structure would result in monostable in state 1. Note Ix is the area
moment of inertia of the bent laminate in state 1 (bent state) in xz-plane.
In order to further analyze the bistability of the tape spring actuator, we evaluate the
flexural rigidity of the bent shape in xz-plane, about x axis (EIx), and the bending moment
induced by biaxial prestrains of two DE layers (Mx, My). We adopted two parameters for
defining bistability range. One is the Cyz in state 1 (see details in Appendix), while the other is
the ratio of bending moment about x axis and y axis (Mx/My) (see details in Appendix).
Due to the dimensional factor (L>>W) and extreme stiffness difference between the
support layer and the DE layers (Es>>Ea), there is no curvature observable in yz-plane Cyz when
actuator was in state 1 (See Appendix for detailed derivation). However, Pezzulla, M. et[126]
found there is a small amount of curvature confined to a boundary layer at the edges. Besides,
Cyz (in state 1) can be expressed as 𝑀𝑥 /𝐸𝐼𝑥 according to beam bending theory. The results
shown in Figure 3-11a are plotted for all combinations of prestrains we conducted previously
(Figure 3-9). Interestingly, the results illustrate the bistable range of the tape spring actuator in
terms of Cyz (in state 1), despite of the low magnitude. This curvature-driven bistability is
consistent with the snap-through behavior of cylindrical shells subjected to a decreasing
curvature [127].
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Another analogous way to evaluate the shape bistability is simply comparing the
bending moment about x axis (Mx, induced by prestrains in y direction), and bending moment
about y axis (My, induced by prestrains in x direction). The results shown in Figure 3-11b is
Mx/My plotted with variables same as those in Figure 3-11a. The clear separation of bistability
and monostability of the tape spring actuator again validates the observation we made earlier
in Figure 3-11a. See Appendix for detailed derivation of moment ratio.
(a)

(b)

Figure 3-11. Prestrain-dependent bistability of the tape spring DEBA. (a) Cyz in state 1, and (b)
the division of bending moment about x axis (Mx) and bending moment about y axis (My). Solid
dots represent bistable samples, and unfilled dots represent monostable samples.

The difference between two plots is that the moment ratio (Mx/My) is a calculated
parameter, whereas the curvature of the actuator in yz-plane (Cyz) is half calculated and half
experimental (Ix is calculated from curvature of the bent shape in xz-plane, Cxz). Although the
two results can to some extent define the boundary of bistability in this experiment, there are
limitations due to assumptions and experimental deviations:
Assumptions: In addition to the assumptions made in Chapter 3.3.1.2, we also assume
the bending stiffness (flexural rigidity) of the curved laminate. Here in order to simplify the
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calculation of bending stiffness of the bent shape in xz-plane, we follow the “Rule-of-Mixture”
used in determining stiffness of fiber-reinforced composites [128], and assume the bent
laminate in xz-plane is an arc of a ring. Experimental deviations (See Chapter 3.3.1.2).
Thus, further improvement of the theoretical analysis and computer modeling is
required in the future work.

3.3.3

Electromechanical response of tape spring DEBA
The bistable tape spring actuator was electrically activated by applying appropriate

electric field using a pair of compliant electrodes attached to both sides of the bottom DE layer.
The principle of DE actuation is described in Chapter 2.1.1. Under the electric field, the
compliant electrodes provide compressive force to the DE film, which induces lateral expansion
with minimum mechanical constraint from the electrodes. Therefore, when the DE layer is
electrically activated in a laminate structure, an in-plane stress potentially induces bending
moment of the laminate [126]. In our case, this mechanism was used to unbend the bistable
tape spring actuator in state 1, resulting in lower Ix in the xz-plane (actuation part), and thereby
trigger the snapping of the bi-stable structure (snapping part) (Figure 3-6c). The DE actuation
mechanism, and comparison between flat DE actuation and tape spring DEBA actuation is
shown in Figure 3-12.
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(b)
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1V

3V
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Figure 3-12. Dielectric polymer based bistable tape spring actuation mechanism. (a)
Schematic illustration of a dielectric polymer actuation mechanism. (b) Optical images showing
the electric actuation process of a flat DE actuator and our tape spring DEBA. The biaxial
prestrains of the flat actuator is the same as the biaxial prestrains on the bottom DE film of the
tape spring DEBA.

The critical actuation voltage required for snapping (Vc), as well as the critical actuation
electric field (Ec, calculated with Vc and nominal thickness of prestrained bottom DE layer, hb),
are investigated as a function of prestrain of DE layer (ɛxb), electrode position (l/L), and
electrode size (d/W).
The influence of prestrain on dielectric actuation was studied by using 25µm thick PET
film as support layer, and VHB 4905 as two DE layers, and εyt = 200%, εyb = 80%, εxt = 0% were
remained constant, while εxb was increased from 60% to 180%, in steps of 60%. Note that
PEDOT:PSS and carbon grease with diameter of 11 mm were used as middle and bottom
electrodes, respectively. As a result, Vc was decreased, but the Ec was increased (Figure 3-13).
The reduction of Vc from 7.3 kV to 5.8 kV is prominent, which might be due to the
overwhelming bottom layer thickness decrease and some minor reduction of curvature in xzplane, Cxz (Table 3-6).
The increase in Ec might result from several factors:
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(1) Larger constraint effect imposed on the DE film with the reduction of hb, as the
induced in-plane strain closer to the support layer is further limited.
(2) Prestrain-decreased relative dielectric constant of VHB (ɛr)[49] imposes higher Ec to
induce the critical actuation stress.

Table 3-6. Effect of prestrain on the snap-through of tape spring actuator (25µm thick PET is
utilized as support layer).
Prestrains on
the top layer

Prestrains on the
bottom layer

εxt

εyt

εxb

εyb

%
0
0
0

%
200
200
200

%
60
120
180

%
80
80
80

Thickness
of bottom
layer (hb)

Initial
curvature
in xz-plane
(Cxz)

Critical
Voltage
(Vc)

Critical
electric
field (Ec)

µm
173.6
126.3
99.2

m-1
111.8
110.1
106.6

kV
7.3
6.0
5.8

V/µm
42.0
47.5
58.5
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Figure 3-13. Influence of prestrain on the snap-through of tape spring actuator. The εxb is a
variable while other prestrains are kept constant (εyt = 200, εyb =80, εxt =0) (25µm thick PET is
utilized as support layer).
The relationship between Ec and electrode position (l/L) was investigated by keeping
prestrains constant (εxb = 80%, εyb = 100%, and εxt = 0%, εyt = 160%). As shown in Figure 3-14, the
Ec increases as the active area was placed further away from the free end of the tape spring
structure. Obviously, the electrode distance away from the free end imposes higher levels of
boundary constraints on the active area from all sides of the actuator and the overall work
required to snap is higher. Thus, the optimal electrode position for actuation of bistable tape
spring structure is that closest to the free end of the structure. Here we should notice that the
electrodes were placed sufficiently away from the edges of the laminate, to avoid charge
leakage.
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Figure 3-14. Influence of electrode position on the snap-through of tape spring actuator.
The influence of electrode size on the tape spring DEBA actuation was investigated by
altering the ratio of the electrode diameter and width of the tape spring DEBA (d/W), while
keeping prestrains constant (εxb = 80%, εyb = 100%, and εxt = 0%, εyt = 160%). Figure 3-15 showed
almost linear reduction of Ec with decreasing d/W ratio while the electrode position remains
fixed, which is predictable because larger electrode area induces higher Maxwell force, leading
to larger actuation strain under the same electric field. Again, to avoid charge leakage at
boundary of the laminate, there is a maximum electrode size.
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Figure 3-15. Influence of electrode size on the snap-though of tape spring actuator.

3.3.4

Blocking force of the tape spring DEBA
When the applied electric field reached the level of critical electric field (Ec), the tape

spring DEBA snaps from state 1 to state 2, and the vertical force (along z axis) generated at the
snap-through point is defined as the blocking force, which was captured by MTS tensile test
machine (Figure 3-7). For the tape spring actuator with εxb = 60%, εyb = 80%, εyt = 200%, the
external power supply took 13 seconds to increase the input electric field from 0 to the E c
(44.35 V/µm), at a voltage increment speed of 100V/200ms. Upon snap-through, the blocking
force was measured to be around 4.5mN.
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Figure 3-16. Blocking force of tape spring actuator. Prestrains of the actuator were kept at
εxb=60%, εyb=80%, εxt=0%, εyt=200%.
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3.4

Conclusion
In this work, we explored the dielectric elastomer (DE) in a novel way, by incorporating

smart structure (bistable tape spring structure) and smart material (dielectric electro-active
material) into a simple laminated morphing system. Compared to other novel actuation stimuli
such as solvent, heat and light, the electrical actuation of DE is easier to conduct and control. In
addition, the bistable structure lowers the energy consumption and reduces the possibility of
electric breakdown of DE. Moreover, the prestraining of DE layers help create and tune the
bistable structure of the tape spring DEBA, promote the morphing speed due to the rapid
relaxation of the elastic energy, as well as enhance the electric field during electrical actuation.
This all-polymer actuator has very lightweight (0.3g), desirable in-plane robustness and out-ofplane flexibility, fast transition speed (up to 150mm/s), large displacement (length direction),
moderate actuation electric field (40-60V/µm) with blocking force of 4.5mN.
We demonstrate simple fabrication process of the bistable tape spring actuator, by
laminating prestrained DE films and a polymer film. The DE films serve both as structural and
active element, and stiff polymeric layer served as neutral plane for bending. Bistable shape
and actuator performance can be easily tuned by varying prestrain combination on the DE
layers, or the stiffness of support layer, within the structural bistability range. Our theoretical
analysis on the bistable shape and bistability provides qualitative guidance to the design of
bistable structures. We also demonstrate electric field induced morphing/snapping behavior of
the actuator and elucidate the actuation effect of multiple parameters (prestrain combination,
electrode size and electrode position). The dielectric actuation of the tape spring DEBA
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demonstrate that the critical electric field (Ec) for snap-through is around 40-60 V/µm, and the
corresponding critical voltage(Vc) is about 6 kV to 7.5 kV.

Chapter 4 Conclusion and Future Perspectives
An all-polymer light-weight tape spring DEBA is fabricated through simple prestretchinglaminating process. The tape spring DEBA has shown tunable initial bistable shape originated
from the elastic energy of the biaxially prestrained DE films and stiffness of the support layer.
Upon activation with an external electric field around 40-60V/μm, it snaps from one stable
state to the other within few seconds and sustains the deformed shape by itself, and generate
the blocking force of 4.5mN at the snap-through moment in the vertical direction. This novel
DEA structure addressed two issues of dielectric actuation and actuator assembly:
1. Most current DEA works under continuous external voltage supply to maintain the
deformation or force, which induces more possibility of dielectric breakdown. In the
tape spring DEBA, the activation voltage is only needed to unbend the structure in
one stable state, which is followed by rapid snap-through due to the total energy
minimization in the laminate.
2. Prestretching is an important process for most DE to decrease voltage supply, which
requires a rigid frame to maintain the prestretch. The additional frame increases the
volume and weight of the system. In the tape spring DEBA, the functionality of rigid
frame replaced by an ultrathin polymer layer (25μm thickness) with high Young’s
modulus. The support layer well maintains the prestrain level in DE, as well as serves
as neutral plane for bilateral bending. The whole tape-spring DEBA is only 0.3g.
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The prestrain level in two DE layers and stiffness of support layer play important role in
the bistable shape, snapping speed, bistability of the structure as well as the actuation voltage
required. We developed theoretical analysis in the prestraining-bending behavior, and the
calculated bent shape is in great consistency with the experimental results. Prestrain-induced
bistable range is also estimated theoretically.
This work only touches the surface of prestrain-induced bistable structure and bistable
DEA. There are several assumptions we made for the theoretical analyses, such as small
deflection for Euler-Bernoulli theory. The analyses need to be further revised and confirmed
with more experimental results and computer simulation. We are continuously working on
simulations methods and incorporating them into this experimental model. Besides, due to the
limited DE thickness available commercially, we cannot make further inspection on the
influence of DE thickness that is very crucial. Moreover, the bilateral actuation is not conducted
for tape-spring actuator, due to the very low energy state for state 2. Besides this work, further
investigation could be conducted as following:
1. Conducting simulation on the bistable shape and actuation of the prestrained
laminate.
2. Improve theoretical model in the bistable shape and bistability.
3. Acquiring DE with more choices of thickness.
4. Further improve the actuation strain of the constrained DE.
5. Assembling the bistable unit into useful actuator application.
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Appendix A Theoretical Analysis of Bistable Shape
(a)

(b)

(c)

Figure A 1. Prestrain-induced bending of a trilayered laminate. (a) A rectangular prestrained
laminate. (b) Upon removal of external constraint, the laminate self-equilibrates into state 1. (c)
Stress distribution along z axis, on xz-plane for example.

In order to analyze and predict the resulting Cxz of the laminate we followed the
standard force balance analysis used in determining stress distribution and camber in
prestrained concrete structures [125]. We linear bending behavior of the laminate as well as
ignore the loading due to gravity. The resulting equilibrium Cxz was expressed as following,
1

𝑀𝑦

𝐶𝑥𝑧 = 𝜌 = 𝐸𝐼 =
𝑥𝑧

𝑦

𝑃𝑥𝑏 𝑒𝑏 −𝑃𝑥𝑡 𝑒𝑡
𝐸𝐼𝑦

Equation A 1

Parameters are shown in Figure A 1. Pxb, Pxt are contractile forces induced by prestrain
along x axis, and EIy is the flexural rigidity of the laminates about y axis, which resists bending in
xz-plane.
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Due to the sharp stiffness difference between the support layer and the prestrained DE
layers (Es>>Ea), there are two issues required to be addressed: 1>. Flexural rigidity of a
composite laminates; 2>. Compressive stress distribution profile along z axis (σxb(z)).
We assume the neutral axis of the laminate goes through the midplane of the support
layer. For issue (1), the flexural rigidity (EIy) of the laminates about y axis was derived according
to the symmetric sandwiched laminate [129] with minor modification:
𝐸𝐼𝑦 = 𝐿 ∫ 𝐸𝑧 2 𝑑𝑧 = (
𝐿𝐸𝑎 ℎ𝑡3
12
𝐿𝐸𝑎 ℎ𝑏3
12
𝐿𝐸𝑠 ℎ𝑠3
12

+
+

𝐿𝐸𝑎 ℎ𝑡3
3
𝐿𝐸𝑎 ℎ𝑏3
3

𝐿𝐸𝑎 ℎ𝑡3
12

+

𝐿𝐸𝑎 ℎ𝑡3
3

)+(

𝐿𝐸𝑎 ℎ𝑏3
12

+

𝐿𝐸𝑎 ℎ𝑏3
3

)+

𝐿𝐸𝑠 ℎ𝑠3
12

Equation A 2

is the contribution of the top layer to the bending stiffness of the laminate.
is the contribution of the bottom layer to the bending stiffness of the laminate.

is the contribution of the support layer to the bending stiffness of the laminate.
For issue (2), we assumed that the induced stress distribution along z axis (σxb(z)) linear

decreases from σxb(z=0) = σxb (σxb is obtained from true stress-strain curve of VHB 4905) to
σxb(z=hb) = 0, when compressive stress is away from support plane (Fig 10b), expressing as,
𝜎𝑥𝑏 (𝑧) = −

𝜎𝑥𝑏
ℎ𝑏

𝑧 + 𝜎𝑥𝑏 , 𝑧 = [0, ℎ𝑏 ]

Equation A 3

Because εxt is 0% throughout the experiment, the bending moment (My) induced by
stress in x direction and stress distribution profile along z direction then is expressed as
following,
ℎ

𝑀𝑦 = 𝐿 ∫0 𝑏(−

𝜎𝑥𝑏
ℎ𝑏

ℎ

𝑧 + 𝜎𝑥𝑏 )𝑧 𝑑𝑧 − 𝐿 ∫0 𝑡 (−

𝜎𝑥𝑡
ℎ𝑡

𝑧 + 𝜎𝑥𝑡 )𝑧 𝑑𝑧 =

𝐿𝜎𝑥𝑏 ℎ𝑏2
6

Equation A 4

Finally, combining the expression for My and EIy, the curvature Cxz can be expressed as,
2 (𝜎𝑥𝑏 ℎ𝑏2 −𝜎𝑥𝑡 ℎ𝑡2 )

𝐶𝑥𝑧 = 5𝐸

3
3
3
𝑎 (ℎ𝑡 +ℎ𝑏 )+𝐸𝑠 ℎ𝑠

Equation A 5
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Appendix B Theoretical Analysis of Bistability

Flat state
Top DE layer

Support layer

Bottom DE layer

State 1

Figure A 2. Schematic of the tape spring actuator in flat status and state 1 in xz-plane.

We investigated two parameters that can effectively predict the range of bistability,
when we varied the prestrain combination: 1>. Calculated curvature of the laminate in yz-plane
(Cyz) in state 1, according to the Euler-Bernoulli beam theory we utilized in calculating the
curvature in xz-plane of the tape spring in state 1 (Cxz); 2>. Ratio of bending moments about x
and y axes (Mx/My).
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In order to calculate Cyz in state 1 (Figure A 2), which is too small to be observed in the
experiment, we utilized the Euler-Bernoulli beam theory, 𝐶𝑦𝑧 = 𝑀𝑥 /𝐸𝐼𝑥 . Using same
assumptions we made previously for deriving My (mid plane of support layer as neutral plane
and linear reduction of stress along z axis), Mx can be expressed as,
ℎ

𝑀𝑥 = 𝑊 ∫0 𝑡(−

𝜎𝑦𝑡
ℎ𝑡

ℎ

𝑧 + 𝜎𝑦𝑡 )𝑧 𝑑𝑧 − 𝑊 ∫0 𝑏(−

𝜎𝑦𝑏
ℎ𝑏

𝑧 + 𝜎𝑦𝑏 )𝑧 𝑑𝑧 =

𝑊𝜎𝑦𝑡 ℎ𝑡2 −𝑊𝜎𝑦𝑏 ℎ𝑏2
6

Equation A 6
In the analysis of flexural rigidity of the bent laminate about x axis (EIx), we simplified
the Young’s modulus of the trilayered laminate by following the “Rule-of-Mixture” used in
determining stiffness of fiber-reinforced epoxy composites [4], 𝐸𝑐 = 𝐸𝑚 𝑉𝑚 + 𝐸𝑓 𝑉𝑓 , where Ec,
Em, Ef are Young’s modulus of composite, matrix and fiber, respectively, and Vm, Vf are the
volume fraction of the matrix and fiber in the composite, respectively. Similarly in our case, the
Young’s modulus of the trilayered laminate can be written as,
𝐸 = 𝐸𝑠

ℎ𝑠
ℎ

+ 𝐸𝑎

ℎ𝑏 +ℎ𝑡
ℎ

Equation A 7

Note that all the parameters are listed in Table 3-1. For the calculation of Ix, as shown in
Figure A 2, we assume that the tape spring actuator in state 1 in xz-plane is an arc of a ring. X’
axis is the axis goes through the center of the ring, while x axis goes through the center of mass
of the laminates and is parallel to x’ axis. According to the parallel axis theorem, the moment of
inertia (Ix) of the tape spring actuator in state 1 abut x axis is written as,
𝐼𝑥 = 𝐼𝑥′ − 𝐴𝑧 ′

2

Equation A 8

while A is the area of the cross-section of the laminates in xz-plane, and z’ is the
distance between x axis and x’ axis.
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As shown in Figure A 2, the moment of inertia of the tape spring actuator in state 1
about x axis (Ix) is written as,
𝛼

𝜌

+ℎ

𝐼𝑥 = 2 ∫0 ∫𝜌 𝑥𝑧−ℎ 𝑡(𝜌𝑥𝑧 𝑐𝑜𝑠 𝜃 )2 ∗ 𝜌𝑥𝑧 𝑑𝜌𝑥𝑧 𝑑𝜃 − 𝐴𝑧′2
𝑥𝑧

𝑏

Equation A 9

Where most all parameters are well defined in the previous context, Figure A 2, and
Table 3-1, 𝛼 = 𝑊/2𝜌𝑥𝑧 , 𝐴 = 𝛼[(𝜌𝑥𝑧 + ℎ𝑡 )2 − (𝜌𝑥𝑧 − ℎ𝑏 )2 ], and 𝑧 ′ = 𝜌 sin 𝛼 /𝛼.
According to the calculation, there are several parameters important in determining the
Ix, including the cross-sectional area (A), ratio of thickness of DE layers to the laminates’
thickness, Cxz, and the position of the center of mass of the actuator. The result of Ix calculation
plotted and compared to the experimentally obtained Cxz, shown in Figure A 3. When we
changed the prestrains of the DE layer, the trend of Ix change is similar to the trend of Cxz
change, meaning the Cxz is predominant in determining the Ix, and thus crucial in the bending
stiffness of the actuator.

Figure A 3. Experimental Cxz and Ix of tape spring actuator plotted as a function of prestrains.
Black solid lines represent the curvature change, and blue dashed lines represent moment of
inertia (Ix) change. Rectangles represent the actuators with εxb as a variable, while εyb = 100%,
εxt = 0%, εyt = 200%. Triangles represent actuators with εyb as a variable, while εxb = 50%, εxt =
90

0%, εyt = 200%. Circles represent actuators with εyt as a variable, while εxb = 50%, εyb = 100%, εxt
= 0%. Filled dots are bistable samples, and unfilled dots are monostable samples.
The ratio of bending moment is calculated as follows:
𝑀𝑥
𝑀𝑦

=

𝑊𝜎𝑦𝑡 ℎ𝑡2 −𝑊𝜎𝑦𝑏 ℎ𝑏2
𝐿𝜎𝑥𝑏 ℎ𝑏2 −𝐿𝜎𝑥𝑡 ℎ𝑡2

Equation A 10
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