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Abstract: The continuous development of new genotyping technologies requires awareness of their 
potential advantages and limitations concerning utility for pharmacogenomics (PGx). In this review, 
we provide an overview of technologies that can be applied in PGx research and clinical practice. 
Most commonly used are single nucleotide variant (SNV) panels which contain a pre-selected panel 
of genetic variants. SNV panels offer a short turnaround time and straightforward interpretation, 
making them suitable for clinical practice. However, they are limited in their ability to assess rare 
and structural variants. Next-generation sequencing (NGS) and long-read sequencing are promising 
technologies for the field of PGx research. Both NGS and long-read sequencing often provide more 
data and more options with regard to deciphering structural and rare variants compared to SNV 
panels—in particular, in regard to the number of variants that can be identified, as well as the option 
for haplotype phasing. Nonetheless, while useful for research, not all sequencing data can be 
applied to clinical practice yet. Ultimately, selecting the right technology is not a matter of fact but 
a matter of choosing the right technique for the right problem. 

Keywords: pharmacogenomics; genotype; phenotype; next generation sequencing; long-read 
sequencing  

 

1. Introduction 

The field of pharmacogenomics (PGx) is developing rapidly. The first PGx dose 
recommendations for antidepressant and psychiatric drugs were published in 2001, even before the 
first human genome was sequenced [1]. An increase in available evidence and the ambition to 
implement PGx in clinical practice has led to the need for more comprehensive dosing guidelines and 
genotyping strategies. In 2005, the Dutch Pharmacogenetics Working Group (DPWG) was formed to 
develop evidence-based PGx guidelines [2]. In 2011, the Clinical Pharmacogenomics Implementation 
Consortium (CPIC) was founded [3]. Currently, CPIC and the DPWG combined have issued PGx 
dose recommendations covering more than 50 drugs and 21 genes (Table 1) [4,5].  

In the last 20 years, there has not only been much progress in development of PGx guidelines, 
there has also been a significant technological advancement and rise of new technologies for assessing 
genetic variants. At the time of development of the first PGx guideline, only Sanger-based sequencing 
techniques and SNV (single nucleotide variant) arrays were available as methods for variant 
identification. To date, SNV panel testing remains the most commonly used technology in clinical 
practice. However, while it is efficient and comes at low costs, SNV panels cannot detect all important 
genetic variation such as rare and structural variants. Currently, multiple high throughput whole 
genome sequencing techniques are available, yielding an abundance of genetic information at a 
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Abstract: Dielectric elastomer (DE) technology opens up the possibility of constructing novel
lightweight and energy-efficient mechatonic systems, whose design can be tailored to several
applications. Numerous types of DE actuator (DEA) configurations, capable of high-force, high-speed,
and high-stroke, have been presented in the recent literature. One relevant example is represented by
membrane DEAs. This type of actuator consists of a DE film pre-loaded with a mechanical bias. In case
the biasing element shows a negative slope (i.e., stiffness) in its force-displacement characteristic,
the stroke of the resulting DEA can be significantly magnified. Conventional negative-stiffness biasing
systems are based on pre-compressed metal beams, thus they appear as unsuitable for miniaturization
to the meso- or micro-scale, as well as for the design of completely flexible actuators for wearable
and soft robotics applications. To overcome those issues, a new, novel, full polymer-based DEA
configuration is introduced in this work. The core element is the biasing system, which is based on a
compliant silicone dome. This type of bias presents a negative stiffness region within its mechanical
characteristic; thus, it can serve as a flexible alternative to metal-based biasing systems. It will be
shown how the force-displacement characteristic of the dome can be geometrically tuned to match
the ones of the DE. In this way, a large actuation stroke can be achieved with a full polymer-based
design. After discussing system design and manufacturing, the actuator element is assembled. Finally,
experimental stroke characterization is performed.

Keywords: dielectric elastomers; actuator; biasing system; polymeric domes; flexible actuator

1. Introduction

Microelectromechanical systems (MEMS) are currently omnipresent in our everyday lives.
Their use ranges from medical to consumer applications, and new fields of applications are found
regularly. Relatively new application fields, such as wearables and soft robotics, can provide many
benefits in a number of industrial, medical, as well as consumer-related applications [1,2]. Key features
of wearable devices and soft robots are their flexibility and compliance. Such features, however,
are usually difficult to achieve with conventional MEMS technologies. Dielectric elastomer (DE)
transducers, however, can serve as a basis for the development of highly flexible actuators and
sensors [3–8]. Some of the most important and attractive features of DE membranes are high energy
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density, high strain, lightweight, and low-cost [9–11]. In order to use a DE membrane to design
a large-stroke actuator, it needs to be pre-loaded with a mechanical biasing system. Such a bias
can consist of a linear spring or, eventually, a so-called "negative stiffness bias spring". While the
former is characterized by an inherent design simplicity, the latter allows to remarkably increase the
performance in terms of stroke and work output. A negative stiffness bias element can be realized,
for instance, by pre-compressing a thin metal beam [12]. By using this design solution, a variety of
large-stroke actuators have been developed, such as contactors [13] or pumps [14]. Most of these
actuator configurations, however, implement the negative stiffness feature via metallic biasing elements
(such as springs or metal beams). Despite being effective, these elements are characterized by an
inherently high stiffness which makes them unsuitable for wearables and soft robots. Furthermore,
the stiff structure affects the possibility of miniaturizing such elements.

An alternative and completely flexible solution for generating a negative stiffness bias is
represented by polymeric domes [15]. By properly designing the geometry of such elements,
their negative stiffness characteristic can be modulated and matched to the one of the DE, thus leading
to a large actuation stroke. The goal of this work is to demonstrate the feasibility of such polymeric
domes as biasing elements for DEAs. Therefore, the dome geometry and one option of how to change it
in order to tune the force-displacement curve of the dome will be described. Furthermore, a new design
of a flexible DEA, as well as a possible manufacturing process is presented. A circular out-of-plane
DEA is used as a case study for validating the novel bias concept which is characterized in order to
compare the performance of the real system to the one predicted by design.

The remainder of this paper is structured as follows. In Section 2, the basic principle of DEs and
DEAs is to be explained first, followed by a description of the dome. Overall actuator design and
assembly is also discussed. In Section 3, the design is validated by means of experimental results.
Finally, in Section 4, concluding remarks are discussed.

2. Methods

2.1. DE- and DEA-Principle

In order to comprehensively describe the design method of the compliant DEA, as well as its
assembling process, the basic operating of DEAs must be explained first. A DEA is based on the
combination of two components, that is, the DE-membrane and the biasing system.

The DE membrane consists of a silicone membrane coated with compliant electrodes on both
sides, as shown in Figure 1. Electrically, this system represents a capacitor. When a high voltage (on the
order of several kV) is applied to the electrodes, the attractive forces among opposing charges on the
two electrodes lead to membrane compression. This induces a thickness reduction which, due to the
incompressibility of the silicone, results in an area increase.

Due to the high flexibility of DE material, several types of actuator configurations can be
constructed. Some examples include strip- [12], cone- [16], or rolled [17] DEAs. Each type of actuator
requires a structured and defined electrode geometry, which can be achieved with a screen-printing [18]
or sputtering process [19]. The device presented in this work is a cone-DEA, also known as circular
out-of-plane DEA (COP-DEA). For this type of actuator, the electrodes are structured as a ring with
defined outer- and inner diameter, as shown in Figure 2a. In here, the black ring is the compliant
electrode, while the brown parts represent a rigid frame material, that is, epoxy. This particular
geometry is able to undergo an out-of-plane deflection, as shown in Figure 2b.

To characterize a particular COP-DEA, a pre-defined out-of-plane deflection can be applied to the
center disk while measuring the corresponding force. This characterization can be performed two times,
with the DE subject to no voltage and high voltage, respectively. By doing so, two force-displacement
curves are obtained. A qualitative sketch of such curves is shown in Figure 3a. In here, it can be seen
that the application of a high voltage basically results into a softening of the COP-DEA.
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(a) (b) (c)

Figure 1. (a) Structure of a dielectric elastomer membrane, which is a silicone membrane that is coated
with a compliant electrode material (black) on both sides. (b,c) show the basic effect of a DE: When
applying a high voltage, the electrodes attract each other due to the electrostatic force, and lead to a
geometry change.

(a) (b)

Figure 2. (a) Undeflected circular out-of-plane DEA (COP-DEA). (b) Desired movement of the inner
disk of the DE, when a high voltage is applied.

F / N

d / mm

low voltage

high voltage

F / N

(a) (b)

Figure 3. (a) Schematic force-displacement curves of a single COP-DEA. The blue curve refers to the
low voltage state, while the red one refers to a high voltage state. (b) Schematic force-displacement
curve of a negative bias spring.

In order to exploit such a membrane for actuation purposes, a biasing system is required. A simple
example of a biasing element is represented by a linear spring, which can be pushed against the center
part of the circular DE. Once the DE is activated, its stiffness is reduced, as shown in Figure 3. As a
result, the compressed spring pushes the membrane further, resulting in a stroke. A more effective
biasing element is represented by a negative bias spring (NBS), such as a thin, pre-compressed metal
beam. The force-displacement curve of such a type of element exhibits a region of negative stiffness,
as shown in Figure 3b. If both DE and bias curves are plotted on the same diagrams, the corresponding
intersections reflect the system equilibrium states for unactuated and actuated cases, see Figure 4.
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Note how the NBS curve in Figure 4 is vertically mirrored in comparison to Figure 3b, since its force
is represented with respect to the DE displacement (instead of NBS displacement). The horizontal
distance between those two equilibrium points represents the theoretically achievable stroke of the
specific system. Based on those curves, the system stroke can then be estimated in a simple graphical
way. Note how, once a certain DE is given, the stroke can be optimized by properly designing the NBS
curve (e.g., by changing its geometrical and spacing parameters), in such a way that it fits between the
two elastomer characteristics. The change in stiffness of the NBS represents, indeed, the key feature
which allows to design a large stroke actuator (since it allows to push the two intersection points
further apart from each other).

F / N

d / mm

∆d

dps

Figure 4. Schematic force-displacement curve of an assembled DE. The NBS- curve has to be mirrored,
because it is working against the DE membrane.

2.2. Design and Assembly of a Flexible Dome-Based DEA

As stated in Section 1, a dome-shaped silicone element will be used in this paper as NBS.
In Figure 5a, a sketch of the cross-section of a dome is depicted. The figure illustrates all the
relevant geometrical parameters that can be changed in order to influence its force-displacement
curve. The domes are manufactured via a casting process of a two-component silicone (ELASTOSIL
SILGEL 612EH), by using a 3D-printed mold. Figure 5b shows the measured force-displacement
curves of four different dome geometries, all of them having the same wall thickness t = 0.6 mm,
the same height H = 4 mm, and the same radius Ri = 7.5 mm, but four different values of the flat-top
radius r = 2, 3, 4, 5 mm. It can be noted how each curve has a typical NBS shape (cf. Figure 3b),
thus confirming the suitability of the polymeric dome as a biasing system for DEAs. Figure 5b also
clearly shows the influence of the varied geometry parameter r on the value of the first local force
maximum, as well as on the absolute value of the negative slope k. We conclude that r represents an
effective parameter which can be used to tune the force-displacement curve of the dome. The hysteresis
of the dome curves arise from the viscoelastic behavior of the silicone which is affected by the
measuring frequency.

Such kinds of measurements can be used to find an optimal dome geometry, once a DE membrane
is given. To check the suitability of the geometry, the force-displacement curve needs to be measured
and plotted together with the corresponding DE curves, as illustrated in Figure 4. The optimal value
of dps, representing the pre-stretch between the NBS and the DE (see Figure 4), follows from this
graphical design method, and is essential for the manufacturing of a functioning DEA.

To assemble a completely flexible DEA, it is preferable to avoid using any kind of rigid
components, such as screws or clamps, which are common in other DEA designs. Clamps are
mostly adopted to fix the alignment between the DE and the bias system, while screws can be used to
fine-tune the amount of pre-stretch dps. To omit these components, the silicone bias system and the DE
membrane are connected together by using a special glue for silicone materials. The pre-stretch dps is
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then determined by properly designing the silicone dome. Figure 6a shows the scheme of the assembly.
In this configuration, the outer edge of the DE membrane is glued directly onto the flat area of the
silicone dome. The pre-stretch dps is then determined by the overall height of the dome, measured
from the level where the membrane is glued to the top of the dome. This means that the amount of
pre-stretch has to be determined before manufacturing the dome, because it is given by the overall
height of the dome, and thus cannot be fine-tuned after the membrane has been attached. Parameter
dps can be eventually changed by adding a cone-shaped part on top of the original dome geometry,
as shown is Figure 6b. The bottom radius of this cone corresponds to the value of the flat top radius,
while the top radius has to match the inner radius of the DE electrode geometry.

(a) (b)

F
 /

 N

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0 1 2 3 4 5 6 7 8

d / mm
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r = 3 mm
r = 4 mm
r = 5 mm

Figure 5. (a) Cross-sectional sketch of the dome-geometry. (b) Measured force-displacement curves of
four domes, each one corresponding to a different value of r.

A schematic depiction of the assembling is shown in Figure 7b, based on a 3D-printed plate
(Figure 7a). In the first step of the process, copper tape is glued on both electrodes of the DE, and used
for electrical contacting. In the second step, the DE membrane is centered on the plate. The patterned
holes correspond to the electrode geometry of the DE, and are used for an easier alignment of the
membrane with respect to the plate. The subsequent step consists of applying the glue on the silicone
dome. It has an enhanced ring (see Figure 6b), whose radius corresponds to the outer radius of the
electrode, and serves as a defined gluing edge. Then, the dome is glued to the DE membrane by using
guide rods, in order to achieve a more accurate positioning. Finally, the excess unglued membrane
material is removed.

dps

(a) (b)

Figure 6. (a) Scheme of the flexible DEA assembly. (b) Sketch of the dome geometry that accounts for
the pre-stretch dps.
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3D-printed plate

silicone dome
guide-rods

DE-membrane

copper tape

(a) (b)

Figure 7. (a) 3D-printed alignment plate. (b) Complete schematic assembling procedure.

3. Results and Discussion

Figure 8 shows a picture of a dome manufactured according to the previously described process.
The basis of the DE is a silicone film 50 µm thick (ELASTOSIL® 2030), and it has an outer diameter of
around 20 mm and an inner diameter of 5 mm. The electrodes each consist of a 10 nm layer of Nickel,
which is sputtered on the 37,5 % biaxially pre-stretched silicone film. After sputtering, the pre-stretch
is released, and the electrodes shows the above described geometry.

Figure 8. Picture of an assembled DEA, based on a flexible silicone dome as biasing element.

In order to measure the experimental stroke performance, and to compare this value to the
predicted one, the force-displacement curves of both the DE membrane and dome must be measured
prior to the assembly. The curves are then plotted in a similar way to Figure 4. This diagram is
then used to determine the suitable amount of pre-stretch dps, by shifting the starting point of the
dome curve until it matches the gap between the DE curves. Figure 9 shows the resulting graph.
The obtained value for dps is 9.1 mm, and has to be set according to the sketch in Figure 6a. From the
intersections between the NBS and the DE curves, the theoretically achievable stroke of the actuator is
∆d ≈ 3.24 mm.

To compare the theoretical performance to the one of the assembled actuator, the stroke is
measured with a laser displacement sensor (Keyence, LK-G87). A sine wave voltage profile, having
an amplitude of 3 kV, a frequency of 0.05 Hz, and an offset of 1.5 kV, is applied to the DEA
electrodes. During the voltage application, the motion of the DEA inner disk is recorded with the laser
displacement sensor. Both voltage signal and measured actuator displacement are shown in Figure 10.
The resulting stroke is computed as the difference between the maximum and minimum position in
the displacement curve of the laser displacement sensor, and reaches a maximum value of 2.42 mm.

The deviation between the theoretically and measured value of the DEA stroke can have multiple
reasons. One possible explanation is due to rate-dependent viscoelastic effects of the DE. In fact,
Figure 10b shows that the inner disk was still moving when the voltage was already beginning to
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decrease at t = 10 s. In addition, the tolerances in the manufacturing process of the dome can also play
a significant role, such as a possible deviation from the ideal value of dps. Nevertheless, the obtained
result appears, overall, as satisfactory, since a large-deformation and fully-polymeric DEA has been
effectively obtained.
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DE - high voltage
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Figure 9. Graphical design solution based on measured force-displacement curves of the DE and a
silicone dome. The horizontal distance between the intersections of the respective curves, denoted as
∆d, represents the theoretical stroke of the DEA.
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Figure 10. (a) Input voltage that is applied to the DE electrodes. (b) Resulting measured stroke of the
dome-based DEA. d = 0 mm corresponds to the initial position of the inner disk of the DEA, when no
voltage is applied.

4. Conclusions

In this work, we presented a novel approach for the assembly of a completely flexible and
large stroke DEA system. The method is based on exploiting three-dimensional polymeric domes as
biasing elements for DE membrane actuators. The novel bias was manufactured via a silicone-casting
process. It was shown that, by properly tailoring geometry of the dome, it is possible to match the
force-displacement curves of bias and DE. In this way, a large actuation stroke is achieved. Another
novelty of this approach is that the final actuator only consists of the dome and the DE membrane,
which is directly glued to the base of the dome element. This results in a completely polymeric,
and thus flexible actuator, which is suitable for wearable and soft robotic applications. After presenting
the system design and manufacturing, we compared the theoretically expected actuator stroke with
the experimentally measured one. The measured stroke is smaller than the theoretical value, that
is, we obtained a predicted value of 3.24 mm and a measured one of 2.42 mm, based on the actuator
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having a size of 20 mm in diameter. These differences can be explained by the tolerances of the
dome-manufacturing process, as well as by the viscoelastic effects of the DE. In conclusion, we
demonstrated the suitability of using silicone domes as a biasing element for dielectric elastomer
actuators. In future works, the developed actuator concept will be used to design a cooperative flexible
array of micro-sized DEAs.

Funding: The authors gratefully acknowledge the support of the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) through Priority Program SPP 2206 “Cooperative Multistage Multistable
Microactuator Sys-tems” (Projects: RI3030/2-1, SCHU1609/7-1, SE704/9-1).

Abbreviations

The following abbreviations are used in this manuscript:

MEMS Micro electromechanical system
DE Dielectric elastomer
DEA Dielectric elastomer actuator
COP-DEA Circular out-of-plane dielectric elastomer actuator
NBS Negative bias spring
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