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ABSTRACT

Soft robotics is a breakthrough technology to support human-robot interactions. The soft structure
of a soft robot can increase safety during human and robot interactions. One of the promising soft
actuators for soft robotics is dielectric elastomer actuators (DEAs). DEAs can operate silently and have
an excellent energy density. The simple structure of DEAs leads to the easy fabrication of soft actuators.
The simplicity combined with silent operation and high energy density make DEAs interesting for soft
robotics researchers. DEAs actuation follows the Maxwell-pressure principle. The pressure produced in
the DEAs actuation depends much on the voltage applied. Common DEAs requires high voltage to gain
an actuation. Since the power consumption of DEAs is in the milli-Watt range, the current needed to
operate the DEAs can be neglected. Several commercially available DC-DC converters can convert the
volt range to the kV range. In order to get a voltage in the 2-3 kV range, the reliable DC-DC converter
can be pricy for each device. This problem hinders the education of soft actuators, especially for a
newcomer laboratory that works in soft electric actuators. This paper introduces an entirely do-it-
yourself (DIY) Ultrahigh voltage amplifier (UHV-Amp) for education in soft robotics. UHV-Amp can
amplify 12 V to at a maximum of 4 kV DC. As a demonstration, we used this UHV-Amp to test a single
layer of powdered-based DEAs. The strategy to build this educational type UHV-Amp was utilizing a
Cockcroft-Walton circuit structure to amplify the voltage range to the kV range. In its current state, the
UHV-Amp has the potential to achieve approximately 4 kV. We created a simple platform to control
the UHV-Amp from a personal computer. In near future, we expect this easy control of the UHV-Amp

can contribute to the education of soft electric actuators.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Shandong University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

robots [10] and dielectric elastomer actuators (DEAs) [11-13].
Each soft actuator has distinctive characteristics. For example,

Soft robotics is a new technology that accommodate human
and robot interactions. Recently, some soft actuators in soft
robotics have gained much attention from researchers and edu-
cators [1]. These soft actuators include soft pneumatic/hydraulic
actuators [2,3], flexible pumps [4,5], soft electro-adhesion [6], a
shape memory polymers [7], gel actuators [8,9], paper type soft
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soft pneumatic actuators can produce a high actuation strain
using a high-pressure air compressor. This high actuation strain
can expand the application of soft actuators in some areas, such
as the medical field [14] and the food industry [14,15]. This
pneumatic soft-actuator can be fascinating for a researcher since
the actuator can produce high actuation and high power output.
Sample of the application of pneumatic actuators in the funabot-
suit [16]. Funabot-suit apply the McKibben muscle principle to
actuate the suit. Then, the other actuators, such as gel actua-
tors and stretchable pumps, are also interesting technologies.
However, these soft actuators also has some challenge including
the pneumatic actuators require special equipment including
air hoses and compressors [2] that potentially cause a complex
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Fig. 1. Dielectric elastomer actuator working principle and structure. (a) Initial state. (b) Active state. (c) Dielectric elastomer actuator.

setup in laboratory and require additional space. Then, for the
gel actuator and stretchable pump, additional materials, such
as special chemical and dielectric liquid, are required during
the study. Some types of dielectric liquid for stretchable pumps
and chemicals for gel actuators require special care since those
materials can evaporate easily. This special treatment require
special equipment that result in the additional cost during the
experiment.

On the other hand, DEAs has a simple structure. DEAs consist
of an elastomer membrane sandwiched between two stretchable
electrodes (Fig. 1a shows the structure of DEAs) [17,18]. DEAs
works by connecting two stretchable electrodes to a DC power
source. When the DC voltage is applied to the DEAs, the opposite
charges accumulated at both of the DEAs electrodes. The opposite
charge may trigger a Maxwell pressure (Eq. (1)) that squeeze the
elastomer membrane in the thickness direction (Fig. 1b). Since
the elastomer membrane is incompressible, the DEAs expand
in the plane direction [19]. Fig. 1c shows the basic single-layer
DEAs. The amount of pressure generated by the two opposite
charge at the DEAs electrodes follows the Maxwell pressure (P)
equation (Eq. (1)) [19]. Eq. (1) describes the physics of the DEAs
in a simple theoretical form. Based on the equation, changing
some variables, such as the dielectric permittivity of material (&),
the thickness of the dielectric elastomer (z), characteristics of
the material (Y), and voltage operation can change the actuation
of DEAs (S;). The simplicity of the DEAs structure can ease the
researcher to prepare and develop new ideas on how to improve
the actuation of DEAs. In educational side, educator or a trainer

can easily prepare DEAs for teaching or training purpose. In the
case of learning process in the laboratory, students can also have
a hands-on project of DEAs, since the fabrication process is easy,
fast, and simple. The combination of student involvement and a
theoretical framework can boost the student understanding on
the basics of soft actuators, especially electric-type actuators (e.g
DEAs). This situation can accelerate the advances in dielectric
elastomer technology.

v 2
P=808 (Z) (])

V2

S: = £oe (2)

One major problem in the DEAs is that the device requires a
high voltage for the actuation. There is a possibility to run DEAs
in an ultralow voltage by reducing the elastomeric membrane
to a nanometric thickness [12]. Reducing the thickness to nano-
metric thickness is a tough challenge. One possible solution to
generate high voltage is using a professional high-voltage ampli-
fier. Currently, a professional high-voltage amplifier is bulky and
relatively high price [20]. There are commercially available DC-
DC converters with small sizes [21,22]. This commercial DC-DC
converter can be pricy and cause funding problems when mul-
tiple devices are required. In this case, a self-developed voltage
amplifier can be helpful for newcomer researchers and laboratory
activity. Generally, a voltage boosting technique can be divided
into five main groups, including multistage [23], switched ca-
pacitor [24], voltage multiplier [25], magnetic coupling [26], and
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switched inductor and voltage lift [27]. Each voltage-boosting
method has advantages and disadvantages. It depends on their
application and functionality. For a hands-on project in the lab-
oratory or class, a high-voltage amplifier should be compact,
portable, low-cost, and user-friendly. The standard type of voltage
multiplier, such as Cockcroft-Walton (CW), offers some benefits,
including cost-effectiveness, the low voltage stress on capacitors
and diodes, and a high voltage ratio. A completely Do-it-Yourself
(DIY) device can be suitable for the learning process, students’
hands-on projects, and a new soft robotics laboratory. DIY device
has many advantages, including portability, cost effectiveness
and can be customized to meet user requirements. Recently DIY
equipment is getting popular among researchers. DIY is an inno-
vative activity of a researcher to create or produce equipment
or process for a specific purpose [28]. Many laboratory equip-
ment are a product of DIY, for example, a DIY calorimeter in
a chemical laboratory [29,30], DIY data acquisition for chemical
instrumentation [30], DIY microfluidics [31], a DIY chemical mea-
surement device in a laboratory [32], DIY mannequin for blood
collections [33], and DIY system for dynamic stem cell [34]. CW
circuit is a potential circuit for DIY lab equipment since CW circuit
has a relatively simple structure [35].

In this research, we focus on creating a shared toolkit and
universal testing platform for a hands-on project of DEAs. The
strategy is to use simple equipment that is commercially available
in a marketplace. The main component of the UHV-Amp consists
of Arduino micro as a main controller, L298N as a voltage con-
troller, DC-AC inverter to create an AC voltage from a DC source,
optocoupler as a rapid switch for high-frequency applications,
capacitor, and diode. We used a Cockcroft Walton (CW) circuit
to amplify the AC electricity to DC high voltage. John Cockcroft
and Ernest Walton were the first developers of the CW circuit at
the University of Cambridge in the early 1930s [36]. The original
purpose of the CW circuit was for artificial atom splitting. In
principle, a CW circuit consists of a ladder-structured network of
capacitors and diodes. This circuit is useful to convert a regular
voltage supplied by a household outlet to a high voltage (HV)
through rectifying and filtering the alternating voltage [36]. We
chose the CW circuit to build UHV-Amp because the CW circuit
is a low-cost component, light in weight, and high portability.
In order to ease the user to operate the UHV-Amp, we create
a simple graphic user interface (GUI) using python. Since all of
the equipment and GUI is an opensource and DIY friendly, we
expect our platform to contribute much to soft robotics education
in a classroom and laboratory. The general and universal toolkit
for soft robotics can ease researcher to build upon equipment to
support their research [37]. UHV-Amp also opens a new possibil-
ity of distance learning and distance laboratory, which can ease
students to do their hands-on projects.

2. Materials and methods
2.1. Cockcroft Walton (CW) circuit

A CW is a voltage multiplier circuit to convert a low voltage
AC power source to dc High-Voltage (HV). CW requires a network
of capacitors and diodes to amplify the voltage. CW has many
advantages, such as the voltage in each stage is equal to twice
of the peak input voltage (in a half-wave rectifier) and three
times in a full-wave rectifier. In this case, the CW voltage only
requires a relatively low-cost component [36]. We can also take
the output voltage in every stage of the CW circuit [36]. Based
on these advantages, the CW voltage can easily support the DEAs
education either in class or in distance learning.

The design of the CW circuit should depend on the designer
output voltage requirement. Fig. 2a shows a basic CW circuit
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connected to an AC voltage input (+V;). The detailed working
principle of the CW circuit was reported by Brugler, et al. [38].
In principle, n — 1 multiplying capacitors are needed to multiply
the V; by n. By assuming that the diodes are ideal, Brugler,
et al. [38] analyzed the CW circuit by considering the charge
transfer at a steady state condition. When AQ is delivered to
the load at ng, positive half cycle of voltage V;, the charge was
deposited on capacitor (C;) during n - 1th negative half cycle,
deposited on C, during n - 1th positive half cycle, and deposited
on C3 during n - 1th negative half cycle. These phenomena cause
a coupled charge of AQ flow through the downward-directed
diode in the positive phase and upward-directed diodes during
the negative phase [38]. Fig. 2b depicts the condition of V; at a
positive phase. Fig. 2b also shows only the forward-biased diodes.
Fig. 2c describes the situation where V; is in a negative state and
only forward-biased diodes were presented in Fig. 2c.

The relationship between the output voltage and current is
derived from Fig. 2b and c. From Fig. 2¢, when V; is in the negative
half phase, the voltage V,_; is described in Eq. (3).

Vi, =V (3)

Charge §AQ is from G,_; during the positive input transition
then Eq. (4) should be

ja0 _ | 340

Vi =v_. — P — 4
nl -l Cn—l , Cn—l ( )
Then V., from Fig. 2b is as follows (Eq. (5)):
HAQ
Vi, = VitV =2y - 2 (5)
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Vn+—3 =V, 53— % (8)
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By continuing the calculation process above, V* should be
vt =2V, — 240 (3-14Q (3-1)4Q  4Q_ 4Q
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(10)

From Fig. 2b, the total output voltage is the sum of V;, V," | to V",
as shown in Eq. (11).

Vo=Vi+V,  +V 4V v (11)

By summarizing Egs. (3)-(11), Eq. (12) describe the total value of
the output voltage (V).

(340 (3-1°40 (3-1’4Q

Vo =nV; —
0 ' Cnfl Cnfz Cn73
2 2
_G-YAQ (G-274Q A 40
Cn_4 Cn—S CZ Cl

the multiplication of frequency f and charge AQ is equal to the
output current of the CW circuit Iy This relationship can give the
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Fig. 2. Basic CW circuit for voltage multiplier. (a) Basic CW circuit model. (b) Equivalent model at positive state of CW circuit. (c) Equivalent model at negative state

of CW circuit.

final form of Eq. (12) into Eq. (13).
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If n is equal to or larger than 4, Eq. (11) can be further simplified
to Eq. (14) as follows:

3
-]
12¢ °

Eq. (14) shows that the output voltages depend much on the
number of capacitors in the CW voltage multiplier. Eq. (14) also
shows that large n may increase the internal resistance. According
to Eq. (14), the source resistance may increase as the cube of
the multiplication. There is also a possibility of the stray shunt
capacitance effect in the more stages of the CW circuit. This stray
shunt capacitance effect allows the AC voltage to flow directly
to the capacitor, which can reduce the output voltage of the CW
circuit [39]. CW voltage multiplier circuit does not multiply the

G G

Voms=ay = nV; (14)

power. In principle, the power supplied by the power source and
the output power should be the same. This means that the output
voltage can be very high, and the output current gets smaller.
This CW multiplier circuit type is suitable for devices requiring
only high voltage and low currents. In this case, we select this CW
circuit as a universal platform for DEAs testing and education. CW
voltage has a much simpler configuration than dc/dc converter
or an HV generator that uses a transformer. CW voltage only
requires capacitors and diodes to multiply a relatively low voltage
to a high voltage while maintaining a simpler configuration.

2.2. High voltage amplifier based on a CW circuit

In this study, we designed a CW circuit based on the required
output dc voltage. VHB (Very high bond tape from VHB Y-4905];
3M, Maplewood, MN, USA) based DEAs require at least 2 kV
for the actuation. In this case, the CW design should have an
output of at least 2 kV. In Japan, the normal AC power source
is 110 V. Connecting directly to the AC power source may need
many stages to achieve 2 kV. Additionally, the platform may only
work in a certain region. The strategy is to use more general
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equipment, such as DC adaptor to achieve a universal platform
for DEAs testing,

In this research, we used a 12 V DC voltage adaptor. To convert
the DC to AC, we used a low-cost DC-AC inverter (DC12V cold
cathode tube inverter set from Akizuki Denshi Tsusho Co., Ltd.).
This device can amplify the DC 12 V to approximately 524 V
peak-to-peak AC voltage at approximately 77.4 kHz. Fig. 2a shows
the UHV-Amp device arrangement. In Fig. 2a, we used several
additional components, such as Arduino micro, L298N (voltage
regulator), and optocoupler, to control the amplified voltage out-
put. In this UHV-Amp, Arduino works to control the L298N. We
used a PWM signal to control the voltage regulator L298N, which
also resulted in the controlled voltage input to the DC-AC inverter.
We used module L298N because it has some features including
support independent electric power source up to 12 VDC, maxi-
mum voltage output is also 12 VDC and can be easily regulated
using PWM pin from Arduino. We also can set the output of the
DC voltage into square wave DC voltage using two functions. First,
we can set the Arduino to have a square wave and the final output
voltage is a square wave and low frequency. Second, we can use
the optocoupler as a switching device to generate square wave
DC Voltage with a higher frequency.

Fig. 3b shows the schematic of the UHV-Amp. The main CW
circuit in UHV-Amp consists of 26 capacitors (each capacitor was
2200 PF with a voltage rating of 10 kV) and 26 diodes (with a
voltage rating of 20 kV). Theoretically, this schematic is equal to
13 steps of a CW circuit. The main power of the CW circuit comes
from a 12 V DC power source. The DC power passes through the
voltage regulator L298N. We controlled the voltage regulator us-
ing a microcontroller. By controlling the voltage regulator, we can
easily control the HV voltage output at the end of the system. The
regulated voltage from L298N flows through the DC-AC inverter.
This DC-AC inverter can also amplify the DC voltage to 524 V
AC peak voltage. Then finally, the AC voltage passes through the
CW circuit and is amplified to the kV range voltage output. By
using these methods, our device can generate voltage of 4 kV
at maximum. From Eq. (14), the estimated output current was
approximately 1.12 mA.

Fig. 4 shows the logic control of the UHV-Amp. Every control
schema has its own characteristics. For example: in Fig. 4a, the
frequency of the output DC voltage was controlled using L298N.
Doing so makes the output voltage smooth but can only ac-
commodate a low-frequency square wave DC-voltage output. On
the other hand, in Fig. 4b, the switching part is the optocoupler
(DEAN OPC10M). The device can emit high-frequency DC voltage
by using the optocoupler. However, the schema in Fig. 3b may
not be stable at the lower output frequency. In this research,
we combine both devices to accommodate high-frequency DEAs
testing and low-frequency DEAs testing. Next, to ease the user
to operate UHV-Amp, we create a simple open-source graphic
user interface (GUI) using Python. Open-source software should
ensure the community can easily access this device and soft-
ware. We expect our UHV-Amp can support the education of soft
robotics.

3. Result

The previous chapter discussed two control methods of the
UHV-Amp. We can control the voltage from the voltage regu-
lator side (Fig. 4a) for low-frequency operation and from the
optocoupler (Fig. 4b) for high-frequency operation. The UHV-Amp
has two switching methods, as shown in Fig. 4. When the DEAs
testing requires a high-frequency or low-frequency operation, the
block diagram with a green-colored-number becomes the switch,
and the block diagram with a red-colored-number is in normally
closed state. Our self-developed GUI can define the switch based
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on our frequency operation. Fig. 5a, b and c show 0.25 Hz, 1 Hz
and 5 Hz output frequencies of the UHV-Amp, respectively. For
low-frequency operations of 0.25 and 1 Hz, the wave can get to
the initial position successfully. In the case of 5 Hz, there is a gap
g between zero Volt to the lower part of the graphic (Fig. 5¢). This
gap g describes the offset voltage (V). This V; appears due to the
delay At at the charging and discharging positions (Fig. 5e). Since
in this schema, the controlling part is from the DC voltage source,
there is a possibility of discharging and charging time delays from
the capacitor. This charge and discharge time delay limits the
output frequency of the HV-output. Fig. 5d shows the growth of
V; when the device is operated at a higher frequency. Fig. 5d also
indicates that the UHV-Amp has a low V; in the operation range
of 0-2 Hz.

For higher frequency operation, we used schema 2 (Fig. 4b)
to control the output of the UHV-Amp. Since we controlled the
UHV-Amp from the HV output part, the capacitor in the CW
circuit does not need a charging and discharging process. By using
this method, the device can achieve higher frequency operations.
Fig. 6a and c show the output voltage at 25 Hz and 50 Hz,
respectively. The gap g shown in Fig. 6b is the offset voltage (V).
Vg starts to appear at a frequency of 100 Hz (Fig. 6b). Fig. 6d
shows the V; growth due to the increase of the frequency. Fig. 6d
also indicates that the higher voltage (for example, 3 kV) can also
increase the V; at a high-frequency operation.

In this research, we accommodate both low-frequency oper-
ation and high-frequency operation. In order to ease the user to
control the UHV-Amp, we created a simple graphic user interface
(GUI) using Python. This software is an open-source, and we put
the source code in the supplementary information. Fig. 7 presents
the GUI for the HV device. In this GUI, we accommodate static
tests of DEAs, dynamic low frequency of DEAs, and dynamic high
frequency of DEAs. Basically, the GUI interacts with the Arduino
Micro. The Python GUI send certain code to activate the array
function in the Arduino. In Arduino side, we put an array function
consisting of high frequency and low frequency command of
the UHV AMP. The basic programming algorithm for the high
frequency and low frequency operation in the Arduino side is
presented in Fig. 4. Basically, without python GUI, we can control
the UHV-AMP using ASCIl command from Arduino IDE. The GUI is
purposed to ease the user to operate the UHV AMP. For stability,
we limit the voltage to a maximum of 3 kV.

The GUI is straightforward. Fig. 7a shows the static test win-
dows, while Fig. 7b shows the dynamic ones. First, we should
connect the UHV-Amp to the personal computer (PC) by clicking
the connection button. The communications between the PC and
the UHV-Amp are through the serial port. Once the UHV-Amp
is connected to the GUI, we can control the device easily. We
can use the static tab to do a static DEAs test. By selecting the
voltage value and pressing the send command button, the UHV-
Amp can generate the selected voltage value. The same thing goes
for the dynamic test. The device can generate the desired voltage
and frequency by selecting the dynamic tab, putting the voltage
and frequency values then pressing the send command button.
For more detailed operation, Movie S1 shows the GUI operation
methods.

4. Discussion

The strong points of the CW circuit-based voltage amplifiers
are the simplicity of the structure, lightweight, relatively low-
cost, open source and high reproducibility. Our UHV-Amp con-
sists of commercially available components. We can easily find
the component in the marketplace and at a relatively low cost.
For example, the capacitor was 2200 pF with a voltage rating
of 10 kV. This type of capacitor costs around $5.65 for a piece.
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Fig. 3. Universal platform of ladder-based network voltage amplifier. (a) Voltage amplifier. (b) Electric circuit schematic of the voltage amplifier.

Twenty-six capacitors cost $147. Then the diode (voltage rating
of 20 kV) costs around $11 for 26 pieces. Next, the DC-AC in-
verter costs around $1.12. Then the voltage regulator (L298N), Ar-
duino micro, and the 12VDC power adaptor cost for $2.9, $24.47,
$11.9, respectively. The optocoupler part is a choice, if the op-
erator requires high frequency, adding the optocoupler may cost
around $75. The total cost of our HV device was approximately
$273.39.

This relatively low-cost device is suitable for the DIY project,
especially for soft robotics education. The comparison of the
UHV-Amp to other device is presented in Table 1. Since all com-
ponents can be easily found in a marketplace, this equipment
also supports distance learning, where students can do a hands-
on project. Further price reduction is possible by changing the
microcontroller and optocoupler types. Currently, we use an op-
tocoupler with a voltage rating of 10 kV, while the UHV-Amp
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Relaxation time (At) of the HV device.

output is 3 kV. By using a lower voltage rating of the optocoupler,
we can further reduce the total price of the HV device.

Limitation in the UHV-AMP is the gap g that appear in high
frequency operation as shown in Fig. 6b. This gap is actually an
offset voltage (Vg). In high frequency mode of UHV-AMP, Vg starts
to appear at a frequency of 100 Hz (Fig. 6¢). The Vg growth due
to the increase of the frequency (Fig. 6d). In this case, operation
of UHV-AMP at higher frequency than 100 Hz can induce Vg.
Vg cause a gap as shown in Fig. 6¢. In some cases that require
a perfect cyclic test condition in high frequency, we need to
improve the electronics system, capacitor type and the grounding
system in the UHV-AMP. By doing so, we expect the UHV-AMP to
operate at higher frequency without any Vg.

For a comparison of our self-developed HV device to the pro-
fessional version of the HV amplifier (Matsuda AMPS-20B20 from

Matsuda Precision Inc), we connected VHB-type DEAs to both HV
devices. The Matsuda AMPS-20B20 is the provisional device that
we previously used to test dynamics and static performance of
silicone type DEAs [13]. Matsuda AMP-20B20 has capability to
produce up to 20 kV DC, fast response of 4 kHz full scale and
10% of full-scale up to 20 kHz. Fig. 8 shows the actuation of
DEAs when the DEAs are connected to the different high-voltage
amplifiers. Both Fig. 8a and b indicate that the actuation of the
DEA does not have any significant difference. Movie S2 shows the
actuation of DEA using both of the equipment.

5. Conclusion

In summary, the development of a universal platform of a
ladder-based network voltage amplifier for DEAs testing is a
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significant step toward soft robotics education and technology.
Since the UHV-Amp is relatively low-cost, light in weight, sim-
ple in structure, and high portability, newcomer researchers can
easily access the UHV-Amp. All parts of the UHV-Amp are also
available in the marketplace. This situation can support the stu-
dent hands on project where distant learning is required. In this
research, we used a 12 V DC power source to power up the UHV-
Amp and the maximum output voltage was 4 kV. We limited the

device to a 3 kV output voltage to achieve the stability output
at high-frequency operation. From the viewpoint of safety, UHV-
Amp is relatively safe because we used only 12 V DC as the power
source and the CW circuit does not multiply the power. In this
case, the voltage output becomes ultrahigh and the current is
extremely low. According to the previous report, DC high voltage
is also relatively safer than AC voltage. From the DEA actuation
test, we found that our HV device is capable and comparable
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Table 1
Voltage amplifier and DC-DC converter that is available in the marketplace.
Type Sample Price (USD) Source
High voltage amplifier AMPS-20B20 446 000 [40]
DC-DC converter Q30-12 +263 [41]
A30P-5 +230 [42]
UMHV0550 +312 [43]
URT-5P-24 +480 [44]
Other Peta-pico-Voltron: An open-source high-voltage power supply 420 [45]
High voltage amplifier UHV-Amp 273.39 This research

to the professional version of the HV amplifier. Additionally, we
provide the GUI to control the device and the source code for
the Arduino programming. We expect that our HV device can
contribute to the education of soft robotics and speed up the
development of soft robotics technologies. Our device also can
support a general testing platform for different soft actuators
such as shape memory polymer, shape memory alloy, electro
adhesion and electrohydrodynamic pump (EHD). In the future we
aim to improve the stability of our device at higher frequencies.
In higher frequencies (e.g 1 kHz), a DEAs can turn in to a speaker.
Operating a DEAs at high frequencies is one future challenge for
our UHV-AMP development.
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