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Abstract—Soft robot is an enabling technology for many
emerging applications. The operation voltages of many electric
soft actuators, i.e., Macro Fiber Composites (MFC) and Dielectric
Elastomer Actuators (DEA), are usually in the range of hundreds
to thousands of volts. Actuators in a soft robot often need to be
coordinated efficiently, precisely or rapidly, to perform useful
functions such as crawling, jumping, or swimming. This paper
presents the design and implementation of a flexible, lightweight,
and modular power converter for multi-actuator piezoelectric soft
robots. Output pulses of 300 V to 1500 V, 1 W, can be generated
from 7.4 V input voltage with less than 5 g of power electronics
weight. A fully untethered, modular, scalable soft robot platform
enables new opportunities for hardware, software, power, and
control co-design.

Index Terms—soft robots, piezoelectric actuators, high voltage,
DC-DC, switched-capacitor, diode multiplier.

I. INTRODUCTION

Untethered soft robots require flexible, lightweight, and

efficient power electronics. Piezoelectric actuators are widely

utilized for soft robotic actuation [1]–[4] because of their

high scalability, control precision, and power density [5]. They

are also compatible with large-area electronics manufacturing

processes. Piezoelectric actuators usually require hundreds or

even above a thousand volts, while only low-voltage batteries

(<10 V) are available as energy sources for an untethered soft

robot. Additionally, for a multi-actuator soft robot, scalability

of the power electronics is important because the actuators

need to be excited independently to achieve complex locomo-

tion. Therefore, a lightweight, modular, and scalable power

architecture that can efficiently control a group of high-voltage

piezoelectric actuators from low-voltage energy sources is

needed. It is the principal focus of this paper.

Existing high voltage power electronics can be grouped into

two main categories: (1) transformer-based [6]–[11]; and (2)

transformer-less [12]–[14]. In transformer-based design, the

circuit usually consists of an inverter, a transformer, and a

voltage rectifier or multiplier. The required voltage gain is con-

tributed by many stages. In a transformer-less architecture, the

circuits are composed of a variation of boost converters and a

voltage rectifier or multiplier stage. Switched-capacitor circuits

are also attractive [13], [14]. We adopt a transformer-based

design, because (1) transformers can offer high conversion

ratios with very light weight (∼0.5 g), ideal for high-voltage,

lightweight power converters; (2) this design helps to reduce

the switch stress and thus the package size of switches; and (3)

it has the potential to achieve high efficiency. The proposed hy-
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Fig. 1. The operation of a piezoelectric actuator bonded to a steel foil. The
yellow layer represents the piezoelectric actuator, and the green layer stands
for the steel foil. When a positive voltage is applied, the actuator-steel structure
bends concave down.

Fig. 2. The mechanical structure of the prototype soft robot. The multi-layer
structure includes actuators, power electronics, sensors, control, and energy
storage. The sensors detect the speed of the robot. The Kapton and Faraday
tapes provide high-voltage insulation and EMI protection. The dimension of
an actuator is 100 × 20 × 0.3 mm. The steel foil and the PCB are wider
than the actuator (∼30 mm).

brid switched-capacitor-transformer architecture combines the

advantages of transformers and capacitive voltage multipliers.

Figure 1 illustrates the basic operation of a piezoelectric

actuator. The piezoelectric actuators used in this work are M-

8514-P2 Macro Fiber Composite (MFC) from Smart Material

Corp. [15]. They contract when a high voltage is applied

across the actuator terminals. The actuators are bonded to a

steel foil, which has a higher Young’s modulus and tend to

retain its length when the actuators contract. Therefore, the

steel-bonded actuators bend concave down when a positive

voltage is applied. Figure 2 shows the mechanical structure of

an example soft robot. The robot is fully-untethered with on-

board actuator, power electronics, energy storage, sensing, and

wireless communication. Different functions are implemented

on different layers for scalable construction and testing.

This work presents a flexible lightweight hybrid switched-

capacitor-transformer power converter that can generate a

pulsed 300 V to 1500 V, 1 W output from 7.4 V battery

voltage with less than 5 g of power electronics. The output

of the power converter can be selected among five options:
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Fig. 3. Schematic of the proposed architecture with a rail generation unit (RGU) and an actuator controller unit (ACU). An RGU comprises an LLC converter
and a Cockcroft-Walton voltage multiplier. With a fixed input voltage (Vin), the full-bridge LLC topology can adjust the output voltage by frequency modulation
or by phase-shifting the two branches of the full-bridge switches. The voltage multiplier offers five outputs with different voltage levels. The input of the
ACU (Va) can be connected to an arbitrary output of the multiplier (Vo1 to Vo5) depending on the need of the actuator.

{300 V, 600 V, 900 V, 1200 V, 1500 V} with voltage regulation

enabled by phase-shift control. It can drive the actuators up to

40 Hz with up to 90% dc-to-300 V efficiency.

II. HYBRID SWITCHED-CAPACITOR-TRANSFORMER

POWER CONVERTER

Figure 3 shows the schematic of the power architecture,

comprising two functional modules: the rail generation unit

(RGU) and the actuator controller unit (ACU). The RGU

generates many linearly scaled voltage rails (e.g., 300 V, 600 V,

900 V, 1200 V, 1500 V in this work), and the ACU controls the

ON-OFF operation of the actuator. An onboard microcontroller

(MCU) controls the switches in the RGU and ACU. When the

MCU enables the full-bridge circuit and turns off Sp, the RGU

charges the actuator; when the MCU deactivates the full-bridge

switches and turns on Sp, the ACU discharges the load. A set

of RGU and ACU together controls an actuator.

The rail generation unit in this work consists of a full-bridge

LLC converter and a half-wave Cockcroft-Walton voltage

multiplier. A transformer-based voltage converter can offer

a high voltage conversion ratio with only low-voltage active

switches. The overall voltage gain of the LLC converter can

be adjusted by frequency modulation or phase-shifting of the

two half-bridges. Figure 4 explains the concept of phase-shift

modulation of a full-bridge power converter. The effective

input voltage to the resonant tank (VSW ) decreases after

phase-shifting the two branches of the full-bridge, so the

system output voltage can be modulated across a wide range.

Switched-capacitor rectifiers are highly modular and can pro-

vide high voltage gain. Each stage of the half-wave Cockcroft-

Walton voltage multiplier comprises only two capacitors and

two diodes and is highly area- and weight-efficient. Each DC

output of the voltage multiplier (Vo1 to Vo5) can function as

the input of the actuator controller unit based on the required

driving voltage of the load actuator, as shown in Fig. 3. If

higher driving power is required for the actuators, several rail

generation units can be connected in parallel to merge the

power. The Cockcroft-Walton rectifier can be further scaled to

reach higher voltage levels or provide multiple outputs.

Piezoelectric actuators (PZT in Fig. 3) can be modeled as an

RLC network [16], [17], and can be considered as a capacitive

Effective 

Input

(a) (b)

VSW

Vg_S1A

Vg_S2A

VSW

Vg_S1A

Vg_S2A

Fig. 4. (a) Non-phase-shifted full-bridge operation. (b) Phase-shifted full-
bridge operation. In (b), the waveform of VS2A is phase shifted. The input
voltage to the resonant tank (VSW ) is 0 V when both VS1A and VS2A are on
or off. Therefore, the effective input voltage to the resonant tank reduced, and
the output voltage of the system can be modulated. The waveforms of VS1B

and VS2B are always out-of-phase with VS1A and VS2A, respectively, to
prevent short circuits from input to electrical ground.

Piezoelectric Actuator Power Electronics

(a) (b)

Fig. 5. The scalability and modularity of the proposed power architecture. It
can accommodate more complicated multi-actuator arrangements.

load. A current-limiting resistor (Rc in Fig. 3) is included to

limit the current charging and discharging the actuator through

the MOSFET. Sp is implemented as a ground-referenced

MOSFET. To avoid driving the Sp with an additional voltage

rail, one may consider using an optically-triggered MOSFET

(also known as a solid-state relay or MOSFET relay) to save

PCB area and weight budget, with the trade-off of a lower

switching speed and current rating. The proposed architecture

is modular and scalable. For a multi-actuator soft robot with

arbitrary actuator arrangement, multiple sets of RGUs and

ACUs can be installed onboard to control different actuators,

as shown in Fig. 5. Each set of power electronics can be
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TABLE I
BILL-OF-MATERIAL OF THE PROTOTYPE

Component Description Each Weight

S1A−S2B 24 V BQ500101DPCR 0.05 g

Lr 1.1 µH XEL3520-112MEB 0.11 g

Cr 1206 50 V 1 µF 0.03 g

T 1:20 LPR6235-253PMRC 0.48 g

C1−C10 1206 450 V 0.1 µF 0.03 g

D1−D10 350 V BAV5004WS-7 0.02 g

Rc 2512 47 kΩ 0.04 g

Sp 350 V CPC1035N 0.07 g

PZT (P2 MFC) 84 nF M8514-P2 2.30 g

controlled independently, therefore, the array of actuators can

be excited with different frequencies, phases, and duty ratios.

One can also use one RGU to drive multiple ACUs, or pair

an RGU and an ACU as a group for one actuator.

III. PROTOTYPE DESIGN AND EXPERIMENTS

Table I presents the bill-of-material of the soft robot proto-

type and the weight of each component. Figure 6(a) shows the

power converter implemented on a flexible PCB. This flexible

PCB contains two piezoelectric actuators with two sets of

RGUs and ACUs placed on the left and right sides of the

robot. Two 3.7 V lithium polymer batteries are located on the

right side of the robot. Figure 6(b) is the enlarged image of

a set of RGU and ACU. The complete soft robot prototype

is shown in Fig. 6(c), including actuators, power and sensing

electronics, microcontroller, batteries, and Kapton and Faraday

tapes for EMI shielding.

Figure 7 illustrates the weight distribution of the soft robot

across the length of the prototype. Batteries and microcon-

trollers dominate the weight. They have a significant impact

on the locomotion.

Figure 8(a) depicts how each electric component contributes

to the total area of the PCB, and Figure 8(b) illustrates how the

weight of the entire soft robot is distributed across different

function blocks/layers. For each RGU, the LLC converter (in-

cluding peripheral drivers and control ICs) occupies 636 mm2

of PCB area and weighs 1.88 g. The specifications for the

Cockcroft-Walton voltage multiplier are 92 mm2 and 0.28 g,

and 340 mm2 and 0.45 g for the actuator controller unit. The

total PCB area is 4800 mm2, and the weight of the whole

robot (including the batteries) is 44.5 g.

The prototype design can reliably generate 300 V to 1500 V

to drive M-8514-P1 and M-8514-P2 Macro Fiber Composite

(MFC) piezoelectric actuators, as reported in [18], [19]. The

two-actuator soft robot demonstrated in this work uses M-

8514-P2 (300 V) for both actuators. Two 3.7 V 300 mAh

lithium polymer batteries (30 × 20 × 6 mm, 6.2 g each) are

connected in series to provide the 7.4 V input voltage. The full-

bridge LLC converter boosts the voltage to 300 V AC, and

the Cockcroft-Walton voltage multiplier rectifies the voltage

to 300 V DC before multiplication. The voltage conversion

ratio of the transformer is 1:20. The full-bridge front end and

half-wave back end offer another 2X voltage gain. The overall
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Fig. 6. (a) The circuit prototype of the proposed power architecture. We
implemented two sets of RGU and ACU onboard to drive a two-actuator
robot. (b) Enlarged photo of a set of RGU and ACU with each function
block labelled. (c) The complete robot prototype with actuators, batteries,
microcontroller, sensors, power electronics, and Faraday/Kapton tape.

IR Sensor

Micro-

controller

Power 

Electronics

Batteries

Fig. 7. The weight distribution of components on top of the robot. The
weight asymmetry across the length of the prototype contributes to the robot’s
dynamic locomotion pattern.

voltage gain of the LLC stage before the scalable Cockcroft-

Walton voltage multiplier is ∼40X (7.4 V to 300 V). This

power architecture is capable of supporting actuators with

higher voltage levels by extending the stages of the multiplier.

Figure 9 shows the measured waveforms of the prototype

in a periodic steady state. At the input side, the full-bridge

switches invert the 7.4 V DC input voltage to a square wave

with a peak-to-peak value of 14.8 V. At the output side,

the rectifier outputs 300 V DC. Figure 10 shows the output

waveform when we actively drive a piezoelectric actuator.

Ideally, we want to drive an actuator with a high-voltage

square wave. In experiments, however, the waveform has slow

transition due to the finite charging and discharging time of

the power electronics. The ramp-up time and ramp-down time
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Fig. 8. (a) Pie chart of the PCB area distribution across several function
blocks. (b) Pie chart of the weight contribution of each functional block/layer
on the complete robot. Energy storage (batteries) consumes the largest area
and weight budget.

Vo1  (100 V/div)

Vm1  (100 V/div)

Vsw  (10 V/div)

300 V

300 V DC Output

14.8 V

Fig. 9. Waveforms of the circuit prototype. Vo1 is the 300 V DC output
voltage. Vm1 is the oscillating voltage node of the voltage multiplier. Vsw is
the input voltage to the LLC resonant tank. The input voltage to the full-bridge
switches (Vin) is 7.4 V, and the switching frequency is 166 kHz.

300 V

Vo1  (50 V/div)

Fig. 10. Waveform of the output voltage when driving a PZT actuator at
16 Hz. Ideally, Vo1 should be a square wave. Due to the limited current
capability of the MOSFETs, the ramp up/down rate of the waveform is
reduced.

are both ∼30 ms. The time scale is very different between

Fig. 9 and Fig. 10 since the switching frequency of power

1250V

1000V

1500V

750V

500V

250V

80ms (20ms/div)

Fig. 11. The start-up transient of generating multiple voltage rails (up to
1500 V) simultaneously. The ramp-up time is ∼80 ms. In this experiment,
the basic voltage rail was regulated to 250 V, and the Cockcroft-Walton voltage
multiplier has six voltage levels.

(a)

(b)

With Gate

Driver Loss

Without Gate 

Driver Loss

Fig. 12. Efficiency and voltage gain of the RGU with respect to the output
power. The legend indicates the phase shift applied to the two half-bridge
branches of the full-bridge inverter, and 0◦ phase shift corresponds to the
traditional full-bridge operation. In (a), the solid lines represent the data
without considering gate driver loss, and the dashed lines show the estimated
efficiencies including gate driver loss.

electronics is many orders higher than the operating frequency

of actuators. Figure 11 demonstrates the start-up transient of

multiple voltage rails in our previous work [18]. The input

voltage is 6.3 V and a six-level Cockcroft-Walton voltage

multiplier is used to generate voltage rails up to 1500 V.

The voltage gain of the circuit can be modulated by phase-

shifting the two half-bridge branches of the full-bridge in-

verter, at the expense of lower efficiency at a larger phase shift.

Figure 12 shows the efficiency and voltage gain measured at

different phase shifts. After considering gate driver loss, the

rail generation unit’s peak efficiency is 90.9% at 0◦ phase shift

and 76.5% at 120◦ phase shift. The phase shift modulation

presents another degree of freedom for modulating the voltage

gain of a full-bridge LLC converter other than frequency
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Fig. 13. Velocity of the soft robot at various operating conditions. In each
graph, the data is plotted with respect to the duty ratios of the left and right
actuators at a fixed frequency and phase. The color bar depicts the velocity.

modulation, making a full-bridge design more attractive than

half-bridge options.

The robot prototype is capable of untethered operation, and

each power module on the robot can be controlled indepen-

dently. We apply high-voltage square waves to each actuator

at different frequencies, phases (related to other actuators),

and duty ratios and measure the velocity of the robot. At

each operation point, we drive the robot for 5 seconds, then

the microcontroller records the information obtained from the

onboard distance sensor. After that, the MCU transmits the

data back to a PC via Bluetooth. The prototype soft robot

exhibits various locomotion velocities at different operation

points, as shown in Figure 13. The reason for the dynamic

behavior is related to the actuation pattern (frequency, phase,

duty ratio) and the weight distribution across the length of the

robot. The maximum speed of the soft robot is 2.7 cm/s for

moving left and 1.8 cm/s for moving right. Figure 14 contains

the video screenshots of these two operating conditions. In

Figures 13 and 14, f is the operating frequency, ΦLR denotes

the phase, DL and DR represent the duty ratio of the left

and right actuator. Detailed simulation and experiments on

locomotion and energy efficiency are presented in [20]–[23].

The actuators are driven at 300 V in all experimental

results above. However, it is also interesting to investigate

the robot behavior at a lower driving voltage. The results

are shown in Figure 15, and the operation points of the

leftward and rightward motion are the same as Figure 14.

The absolute velocity (speed) monotonically decreases with

decreasing driving voltage. The locomotion efficiency can be

calculated by dividing the speed by power consumption of

the power circuitry. The efficiency for the leftward motion

at 280 V is ∼10% higher than the value at 300 V. For the

rightward motion, the efficiencies are almost the same between

t = 0 s

t = 5 s
~13.5 cm

(b)
~9 cm

(a)

t = 0 s

t = 5 s

5 sec

5 sec
f = 16 Hz 

ΦLR = 20%

DL = 60% 

DR = 30% 

f = 16 Hz 

ΦLR = 90%

DL = 20% 

DR = 60% 

Fig. 14. The prototype soft robot can move left at 2.7 cm/s and move right
at 1.8 cm/s when driven at different operation points. The robot is operated
for 5 seconds for velocity calculation.

(a)

(b)

Fig. 15. (a) Absolute velocity (speed) and (b) locomotion efficiency with
respect to the driving voltage. The robot’s speed has a monotonic relation
with the voltage applied to actuators. However, the locomotion efficiency does
not keep rising with increasing driving voltage. The operation points of the
leftward and rightward motion are the same as Fig. 14.

260 V and 300 V. This information indicates that the actuators

can be driven at higher voltage if higher speed is desired.

However, if efficiency is the main concern (for longer run

time or battery power preservation), then slightly decreasing

the driving voltage could be a viable option. More experiments

can be done to verify the voltage-efficiency behavior of the soft

robot and to jointly optimize the locomotion efficiency and the

cost of transportation.

The curvature of soft actuators can influence a soft robot’s

locomotion speed, efficiency, and ability to conform to the

environment. A closed-loop sensing-control strategy is needed

to further optimize the driving voltage and the actuator curva-

ture of the soft robot. We leverage strain sensors to measure

the curvature of a piezoelectric actuator. Figure 16 shows the

Authorized licensed use limited to: Princeton University. Downloaded on August 23,2024 at 14:00:23 UTC from IEEE Xplore.  Restrictions apply. 



(a)

(b)

Bent actuator with 
three strain sensors

Power converter 
supplying 300 V

Fig. 16. (a) Experimental setup of the curvature measurement. Three strain
sensors are installed on the steel foil of an actuator. The measured curvature is
4.7×10−3, 8.5×10−3, 4.8×10−3 cm−1 at the left side, center, and right
side when 300 V is applied to the actuator. (b) The measured curvature with
various applied voltages. The center part of the actuator usually has larger
curvature than the left and right parts.

experimental setup and measured data. The results show that

a bent actuator does not represent a perfect arc of a circle.

Instead, it usually has higher curvature in the middle and lower

curvature on both sides, motivating more advanced modeling,

control, and multi-disciplinary co-optimization.

Cost of transport (COT) is a figure-of-merit (FOM) that is

commonly used to compare the locomotion efficiency across

robotic systems [24]. COT = P
mgv

. It considers the power

consumption (P) in the unit of Watt, mass (m) in the unit

of kg, acceleration due to gravity (g) in the unit of m/s2,

and the speed (v) of the robot in the unit of m/s [24]. For

our two-actuator prototype, P = 0.46 W, m = 0.0445 kg,

g = 9.8 m/s2, v = 0.027 m/s, and the COT is about

39.1 W/(kg·m2/s3). As shown in Fig. 17, the weight of the

prototype is lower than most other robotic systems, and the

cost of transport is comparable to mice. The data in Fig. 17

are recreated from [24]. The COTs for animals and robotic

systems are obtained from [24]–[43].

IV. CONCLUSION

This paper presents a scalable, lightweight, high voltage

conversion ratio hybrid switched-capacitor-transformer power

architecture for untethered multi-actuator piezoelectric soft

robots. The dc-dc converter is able to generate 300 V to

1500 V from 7.4 V with a peak efficiency higher than 90%.

The weight of the power converter is less than 5 g. The circuit

can be reconfigured to drive many actuators. The voltage

gain of the LLC converter is adjustable. The stage count

of the voltage multiplier is scalable. The proposed power

architecture is widely applicable to driving an array of macro

fiber composite (MFC) piezoelectric actuators in soft robots
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Fig. 17. The cost of transport of various animals, tethered robots, untethered
robots, and the prototype in this work. Data recreated from [24].

with different voltages, frequencies, phases, and duty ratios

while maintaining high efficiency, high power density, and

compact size.

A fully untethered soft robot enables systematic hardware,

software, control, and power co-design. We see soft robots

and power electronics co-design opportunities in the following

three aspects:

• Electrical-Power Co-Design: The electrical behaviors of

soft robotic actuators are usually frequency-, amplitude-,

and waveform-dependent. Power electronics that can gen-

erate desired actuation waveforms while maintain high

electrical efficiency are desired to optimize the overall

system electrical efficiency.

• Mechanical-Power Co-Design: Structural design and

weight distribution can significantly influence the me-

chanical dynamics of soft robots. Co-packaging, shield-

ing, and insulation of power electronics need to be jointly

considered with the design of the soft robots.

• Control-Power Co-Design: The control of the power

electronics and the control of the soft robots are jointly

related. The high-efficiency operation regions of power

electronics may not overlap with the high-efficiency con-

trol patterns of the soft robots.
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