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Abstract

Piezoelectric mechatronic systems merge piezoelectric actuators with electrical circuits and me-
chanical structures, offering a promising approach for intelligent structures to interact with humans
and the environment. Despite their potential, these systems face multiple operational challenges.
First, piezoelectric actuators often require hundreds to over a thousand volts for meaningful ac-
tuation. Traditional high-voltage power sources are heavy and bulky, limiting the applicability
of piezoelectric mechatronic systems. Second, the energy-efficiency of piezoelectric actuators is
highly sensitive to driving conditions and the mechanical structures to which the actuators are
attached, highlighting the need for end-to-end electrical-mechanical co-design. Third, material
variation, aging, and degradation of piezoelectric actuators decrease system controllability and
robustness, necessitating proper implementation of control strategies.

This thesis presents an extendable Vibrating Intelligent Piezo-Electric Robot (eViper) platform
for studying untethered, multi-actuator, and multipurpose energy-aware mechatronic systems.
Based on the measured electrical characteristics of piezoelectric actuators, a scalable and modular
power architecture was designed to convert 7 V battery input to multiple voltage levels up to 1500 V
to drive these actuators. Automated data collection was performed to record the robot’s motion
dynamics under different driving waveforms. Data-driven models were used to identify optimal
driving waveforms for maximum energy efficiency. A closed-loop feedback control system based
on computer vision was implemented for path-tracking tasks. The thesis provides insights for
future research on electrical, mechanical, and control co-design to achieve precise, flexible, and

energy-efficient operation of piezoelectric mechatronic systems.
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This chapter is based on work published in the following paper or currently under review:

* H. Cheng, Z. Zheng, P. Kumar, W. Afridi, B. Kim, S. Wagner, N. Verma, J. C. Sturm and M.
Chen, “eViper: A Scalable Platform for Untethered Modular Soft Robots,” 2023 IEEE/RSJ

International Conference on Intelligent Robots and Systems (IROS).

* H. Cheng, Z. Zheng, E. Veilleux, S. Wagner, N. Verma, J. C. Sturm and M. Chen, “eViper:
A Scalable Untethered End-to-End 2D Soft Robotics Research Platform with Data Driven

Modeling and Control,” IEEE Transactions on Robotics (T-RO) (Under Review).

1.1 Background and Motivation

Piezoelectric mechatronic systems integrate piezoelectric actuators, driving electronics, and me-
chanical structures into tightly coupled electromechanical platforms. They are capable of con-
verting electrical energy into mechanical motion, or vice versa. By utilizing the piezoelectric
effect, these systems can produce fast and precise deformation. They have found applications in
biomedical devices, robotics, and precision manufacturing [ 1-5].

In this thesis, piezoelectric mechatronic systems are studied in the context of a soft robotic
platform. Soft robots are robotic systems constructed primarily from compliant materials. Their
deformable nature gives them unique advantages in unstructured environments, including impact
tolerance, robustness, safety, and adaptability. However, these properties also introduce significant
challenges. Soft robots often exhibit highly nonlinear dynamics and limited force output compared
to rigid-body systems [0, 7]. Moreover, their deformable structures hinder accurate modeling,
sensing, and control, and make it difficult to systematically characterize the relationships among
electrical input energy, mechanical output energy, and resulting locomotion performance. These
challenges motivate the development of new system-level hardware design strategies and energy-

aware characterization approaches for soft robotic platforms.
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1.2 Research Gap and Problem Statement

Soft robots often include electrostatic soft actuators, such as piezoelectric and dielectric elastomer
actuators, because they enable compact designs, high energy density, and fast response time. How-
ever, they often require hundreds to thousands of volts for actuation. Lightweight power man-
agement systems have been proposed, powered by batteries [5—14] or photovoltaic arrays [15],
to achieve integrated design and untethered operation. However, the locomotion performance of
soft robots is highly sensitive to the driving waveform and frequency. Prior work has largely
focused on achieving fast or untethered motion [3, 16—1&], while systematic characterization of
how locomotion behavior varies across excitation waveforms remains limited.

It’s challenging to use analytical methods to describe the complex interactions among soft actua-
tors, compliant robot bodies, onboard electronics and batteries, and the environment. Previous stud-
ies have explored various aspects of soft robot locomotion, including crawling and jumping [ 19, 20],
turning [2 1, 22], friction manipulation [23, 24], and frequency-dependent behavior [25, 26]. How-
ever, the analytical models reported in the literature are often highly system-specific and difficult
to generalize to scalable, multi-actuator soft robotic platforms. Moreover, while existing robotic
simulation tools, such as PyBullet [27, 28] and MuJoCo [29], are well suited for modeling rigid
components and motor-driven systems, they offer limited accuracy in capturing the nonlinear con-
tinuum dynamics and material behavior of soft robots [30]. Consequently, determining how mul-
tiple actuators should coordinate to achieve fast and energy-efficient locomotion across different
environments remains an open challenge for sensing and control.

During locomotion, energy is continuously converted between the electrical and mechanical
domains. It is crucial to quantify the total required energy for actuation across waveforms and fre-
quencies, because it (1) enables informed battery sizing and runtime estimation, (2) supports energy-
aware control strategy, and (3) provides an end-to-end system-level performance metric. Despite

this, existing literature rarely investigates system performance from an energy point of view.
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1.3

Objectives and Scope

The objectives of this thesis are:

1.4

To establish experimental methods to quantify the electrical-to-mechanical energy conver-

sion efficiency of piezoelectric actuators.

To design a lightweight and efficient power converter capable of boosting battery voltage to

drive piezoelectric actuators, with customizable output voltage, waveform, and frequency.

To develop a systematic soft robotic framework to analyze and model the impact of driving

signals on the locomotion behavior of soft robots.

To investigate the energy transfer efficiency from the battery to a single actuator across

different driving waveforms and frequencies.

To quantify the power-to-velocity conversion efficiency of the entire robotic system across

driving waveforms and frequencies.

To implement and evaluate feedback control strategies to demonstrate the maneuverability

of the soft robotic platform.

Contributions of This Thesis

The contributions of this thesis are:

Designed and implemented a lightweight and efficient power converter capable of boosting
a 7.4V battery input to 300 V and 1500 V to drive piezoelectric actuators, with customizable

output voltage, waveform, and frequency.

Developed and experimentally demonstrated a system-level energy analysis framework for
untethered, multi-actuator piezoelectric soft robots, connecting battery-level energy input,

power electronics, and actuator energy consumption.
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Figure 1.1: Overview of the eViper research platform and the highlighted features of various prototype designs.

* Designed and implemented the eViper soft robotic platform that integrates piezoelectric actu-
ators, power electronics, batteries, control, and wireless communication, enabling systematic

experimental study of energy-aware piezoelectric mechatronic systems.

» Established an automated data collection framework to record soft robot locomotion under

diverse driving conditions, enabling data-driven analysis and modeling of robot behavior.

* Quantitatively characterized actuator-level power consumption and robot-level power-to-

velocity conversion efficiency across a wide range of driving waveforms and frequencies.

1.5 Overview of the eViper Research Platform

This thesis introduces extendable Vibrating Intelligent Piezo-Electric Robot (eViper), a scalable
research platform for untethered, multi-actuator, multipurpose soft robots. Figure 1.1 illustrates
the platform’s evolution from one-dimensional (1D) to two-dimensional (2D) configurations. As
a proof of concept, a simple one-actuator prototype was first developed, and actuator-induced
vibration enabled its locomotion. The second robot [12], incorporated two actuators and was
designed to integrate a customized flexible printed circuit board (PCB). The mechanical and elec-
trical building blocks were designed to be modular and scalable, allowing for future integration
of additional actuators into the design. This prototype achieved untethered operation and could be

controlled remotely. The third prototype [3 | | featured five actuators connected end-to-end, inspired

18



by inchworm crawling. To enable greater shape controllability, this robot included two types of
actuators requiring different driving voltages.

These 1D soft robots are capable of bidirectional locomotion along their longitudinal axis. How-
ever, their rotational motion cannot be effectively controlled. To enable higher control degrees of
freedom, a 2D eViper platform was developed by arranging four actuators in an 2x2 array [32].
With this new form factor, the robot is capable of both bidirectional linear motion and bidirectional
rotation. Feedback control and path-tracking were successfully implemented on this prototype
due to its enhanced locomotion flexibility. To further explore eViper’s behavior on different types
of surfaces, the robotic structure was waterproofed, enabling it to float and operate on the water
surface. This amphibious prototype features an even lighter PCB design through the integration
of the microcontroller (MCU) chip and battery-charging IC. Experimental results demonstrate that
eViper achieves up to 6.7 x higher linear velocities on water than on land. This development opens
a new research direction that is introduced in this thesis and will be explored more extensively in

future work. The 1D and 2D eViper robots are introduced in detail in Chapters 4 and 5.

1.6 Thesis Organization

This thesis is organized as follows. Chapter 2 introduces the piezoelectric actuator used throughout
this research and quantifies its electrical-to-mechanical energy conversion efficiency and aging
effects. Chapter 3 describes the architecture of the lightweight, high-voltage power electronics,
and analyzes the system power consumption when driving actuators across different waveforms
and frequencies. Chapter 4 examines the performance and behavior of the two-actuator soft robot
prototype. The actuators in the prototype are aligned along their longitudinal axis, so the system is
referred to as “linear 1D robot”. Chapter 5 discusses the performance of the four-actuator and
amphibious soft robot prototypes. The actuators are arranged in a 2x2 array; therefore, these
systems are referred to as “planar 2D robots”. Because planar robots have higher controllability
than linear robots, data-driven modeling, locomotion noise, and feedback control are also covered

in this chapter. Finally, Chapter 6 concludes this thesis.
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Characterization of Piezoelectric Actuators
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This chapter is based on work published in the following papers:

 H. Cheng, Z. Zheng, P. Kumar, Y. Chen and M. Chen, “Hybrid-SoRo: Hybrid Switched

Capacitor Power Management Architecture for Multi-Channel Piezoelectric Soft Robot,

2022 IEEE Applied Power Electronics Conference and Exposition (APEC).

» Z Zheng, P. Kumar, Y. Chen, H. Cheng, S. Wagner, M. Chen, N. Verma and J. C. Sturm,
“Piezoelectric Soft Robot Inchworm Motion by Tuning Ground Friction Through Robot

Shape: Quasi-Static Modeling and Experimental Validation,” in IEEE Transactions on

Robotics, vol. 40, pp. 2339-2356, 2024.

2.1 Chapter Introduction

This chapter characterizes Macro Fiber Composite (MFC) devices, a class of piezoelectric actuators,
that are utilized in all eViper robotic prototypes. Section 2.2 describes the basic properties of MFC
devices. Section 2.3 introduces the deformation behavior of steel-bonded MFC devices. Section 2.4
analyzes an actuator’s energy utilization via voltage-charge (V-Q) loop measurements. Section 2.5
discusses the equivalent circuit model of a piezoelectric actuator and the induced current generated
during actuator deformation. Section 2.6 assesses the time-dependent behavioral variation of the

actuators. Finally, Section 2.7 summarizes this chapter.

2.2 Macro Fiber Composite (MFC) Devices

The piezoelectric actuators used in this research are Macro Fiber Composite (MFC) devices man-
ufactured by Smart Material Corporation [33]. These planar, low-profile actuators contain rectan-
gular piezoelectric ceramic rods that can deform or distort depending on the spatial arrangement
of the rods and electrodes. Specifically, the robot prototypes in this research uses M-8514-P1 and
M-8514-P2 MFC devices, as shown in Fig. 2.1. The number “8514” stands for the dimension of the
active region containing piezoelectric ceramic rods (85 mm long, 14 mm wide). After necessary
packaging and the addition of external electrodes, each actuator is 100 mm long, 20 mm wide,

and weighs approximately 2 g. P1 MFCs are “elongators”, meaning that their length increases if
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Elongate

P1 |
1500 V |

P2 Contract
300 V

Figure 2.1: Photos of P1 and P2 MFC devices. The maximum driving voltage, dimension, and deformation character-
istics under positive applied voltage are labeled.

Initial State P1 MFC Device P2 MFC Device
.- Expand - _
™ +)o—82% Contract <. -—_|
OVen MFC Device N ) ontrac
T SteelShest T ("')"' y1
_ H"'V A
OVes  MFC Device A (+)==_ ¥ Contract« #
=~ Expand -~
(a) (b) (c)

Figure 2.2: Illustration of the operating principles of steel-bonded MFC devices. Mounting the MFC layer on either
the upper or lower surface of the steel sheet (top and bottom row of the figure) results in different bending directions.
(a) The actuator is flat when with no applied voltage. Applying a positive voltage to (b) the P1 MFC and (c) the P2
MFC cause them to deform and bend the structure in opposite directions.

a positive voltage is applied across the terminals. On the other hand, P2 MFCs are “contractors”

whose length decreases with positive applied voltage. The maximum operational positive voltage

is 1500 V for P1 MFCs and 360 V for P2 MFCs.

2.3 Basic Operation of Steel-Bonded Piezoelectric Actuators

Fig. 2.2 is an illustration showing the basic operation principles of steel-bonded piezoelectric actu-
ators. In this thesis, MFC devices are always bonded to a 50-um-thick stainless steel sheet. The
Young’s modulus is 30 GPa for the MFC devices and 190 GPa for the steel sheet. A higher Young’s
modulus indicates that the steel sheet has much higher resistance to axial deformation. Therefore,
when a positive voltage is applied across a P1 MFC device, it tries to lengthen, but the whole

structure bends toward the opposite side of the MFC due to the high elongation stiffness of the
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(a) (b) (c)
Figure 2.3: Bending displacement for (a) P1 and (b) P2 actuators across their length when different static voltage is
applied. (c) The dynamic response of a P1 actuator when driven by 1000 V sine wave across various frequencies.
Figures recreated from [20]. The actuator oscillates with the highest amplitude at around 23 Hz.
steel sheet. The same principle applies to P2 actuators. P2 devices tries to contract when applied a
positive voltage, but the whole structure bends toward the same side of the MFC. Fig. 2.2 includes
two possible bending scenarios for both P1 and P2 actuators. Whether the steel-bonded structure
bends concave up or down not only depends on the type of MFC devices, but also the arrangement
of the two material layers.

Fig. 2.3(a) and Fig. 2.3(b) show the bending displacement of P1 and P2 actuators when different
static voltage is applied. The bending direction follows the convention that the MFC device is
attached on top of the steel sheet (refer to Fig. 2.2). P1 actuators bend concave down 20 mm when
1000 V is applied. P2 actuators bend concave up 10 mm when 300 V is applied. Fig. 2.3(c) shows
the dynamic response of a P1 actuator, measured with a cantilever experiment, when driven by

1000 V,, sine wave. The resonant frequency is 23 Hz.

2.4 V-Q Loop of Actuators with Various Driving Waveforms

Piezoelectric actuators exhibit hysteresis behavior between applied voltage and accumulated elec-
tric charge, particularly under large-signal operation employed in this research. Measuring the
voltage-charge (V-Q) loops provides a direct evaluation of the energy usage in the actuator, includ-
ing the peak stored energy and the net energy consumed by the actuator per operating cycle. It also
allows us to compare actuator properties across different driving waveforms and frequencies. In a

V-Q loop, the total input electrical energy per cycle E,,; o is approximately equal to the maximum
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Figure 2.4: Measured V-Q loops for a piezoelectric actuator across various frequencies and driving waveforms. The

experimental setup is captured in the bottom-right photo.
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Table 2.1: Energy consumed by actuator per cycle (Eycs, get), maximum stored energy (Esiored,maz ), and energy
transfer efficiency from driving electronics to actuator (7,.;) for different excitation waveforms from 10 Hz to 40 Hz.

All energy values are expressed in millijoules (mJ).

Waveform Parameter 10 Hz 20 Hz 30 Hz 40 Hz

Enet, act [mJ] 225+040 1.59+029 143+035 1.11+0.24

Tri 30% Estored, maz [mJ] 833+£0.62 7.34+0.24 691+0.57 6.40+0.21
Nact [Y0] 27.0£52 21.7+£40 20.7+53 17.3+3.8

Enet, act [mJ| 2.08+0.52 130+049 1.10x047 1.19+£0.49

Tri_50% Estored, maz [mJ] 7.87+0.01 6.82+0.59 6.70+0.44 6.86+0.50
Nact [Y0] 264+ 6.6 19.1+74 164+7.1 17.4+73

Epet, act[mJ | 1.51+£0.15 133+0.52 1.27+040 1.19+0.33

Tri_70% Estored, max mJ] 7.35+£031 7.16£0.28 6.77+0.38 6.68+0.29
Nact [Y0] 206 2.2 18.6+7.3 18.8+ 6.0 17.8+£5.0

Epet, act[mJ | 1.67+£021 136+£033 1.01+£0.21 1.33+£0.37
Sine Estored, maz [mJ] 8.09+026 7.32+0.34 6.78+0.18 7.06+0.46
Nact [Y0] 20.7+2.7 18.6 +4.6 149+3.1 18.8+54

Eret, act|mJ] 245+£048 195+0.35 193+0.32 1.84=+0.27

Squ 30% Estored, maz [mJ] 8.86+0.27 7.90+£0.36 7.76+0.32 7.64+0.27
Nact [Y0] 277+£55 247+46 249+42 24.1+3.6
Epet, act[mJ| 271+023 223+039 2.01+£037 195+0.36

Squ_50% Estored, mazx [mJ] 8.65+035 8.02+£0.37 7.55+0.37 7.84+0.37
Nact [Y0] 31.3+£29 278+5.0 26.6+5.1 249+47

Eret, act[mJ | 241+0.09 2.15+040 2.02+037 1.83+0.33

Squ_70% Estored, maz [mJ] 8.84+0.08 827+043 8.23+0.23 7.74+0.32
Nact [Y0] 273+£1.0 260x50 245+45 23.6+44
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Figure 2.5: Plots of E,,¢;, qct and 14+ across various different waveforms and frequencies.
stored energy Esiored, maz Of the piezoelectric actuator:
Qmaz
Etot,act = / Vd@ ~ Estored, mar — / V(Q) dQ (21)
charging 0

The net electrical energy consumed by the actuator per operating cycle, E,c; 4., 1S the area enclosed

by the V-Q hysteresis loop:
Enet,act - f V dQ (22)

Epet act can be decomposed into two components: the mechanical output work ..., and the

energy dissipated as heat due to internal material 10SS Ej,cqt, qct- Namely:
Enet, act — Emech + Eheai%7 act (23)

The main contributors of the internal loss are related to material properties, including (1) domain

wall hysteresis, (2) dielectric loss, (3) mechanical loss, and (4) leakage current. A detailed intro-

duction to the loss mechanism can be found in previous literature [34, 35]. The energy transfer

efficiency from driving electronics to actuator, 7,., denotes the fraction of the electrical energy

delivered to the actuator that is absorbed by the actuator. 7, is defined as:
Enet, act

Nact = E

stored, mazx

(2.4)
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The V-Q loops of the actuators are measured across various representative waveforms at 10, 20,
30, and 40 Hz operating frequencies. The results are presented in Figs. 2.4 and 2.5 (Squ: Square
Wave; Sine: Sinusoidal Wave; Tri: Triangular Wave, with different duty ratios labeled as %).
Table 2.1 shows the numbers of Eet acts Estored, maz> and 1, Based on Fig. 2.5, square waves
have higher E, . q: and 7,., while the numbers are lower for sine waves and triangular waves.
Nact approximately lies in the range from 15% to 30%. During the experiment, the voltage and
current waveforms at the output ports of the driving electronics (input ports of the actuator) were
measured. The current waveforms were integrated over time to obtain the charge. The actuator was
driven in the air and does not have net displacement. The experimental setup cannot isolate F,,..;,
OF Eheat, act from the reported £, 4.¢. Small cycle-to-cycle variation of the V-Q loops is observed
in the measurement. This might arise from noises in the voltage/current measurement equipment

and the limitation of the control bandwidth and timing precision of the MCU.

2.5 Electrical Modeling and Actuator-Induced Current

A piezoelectric actuator converts energy bidirectionally between the electrical and mechanical
domains. It can be modeled as an equivalent electrical circuit to facilitate discussion of its response
under electrical excitation. Fig. 2.6 shows the equivalent circuit model of a piezoelectric actuator.
Mechanical deformation induces an electrical current, which flows through the actuator’s internal
impedance and results in a measurable terminal voltage. From an electrical modeling perspective,

this behavior is represented by an ac current source [36, 37], denoted as i, in the figure. The

D;i';‘;tir;c MeDc(:)t::giigal Mechanical Deformation /\
f_H r A \ N
+ Induced Current —@—
@ ip § Ry =—=Cy =—C,=C> Cn Internal Impedance é + %
- @ Terminal Voltage —@— (b)

Figure 2.6: (a) Electrical equivalent circuit model of a piezoelectric actuator. (b) Conceptual diagram illustrating how
mechanical deformation induces a current that flows through the internal impedance and results in a terminal voltage.
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Figure 2.7: Experimental setup for measuring motion-dependent terminal voltage. The solenoid pushes the actuator
when the control signal is high. The actuator terminals are connected to an oscilloscope.
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Figure 2.8: Measured actuator terminal voltage driven by a solenoid with different parallel resistors. Due to the slow
mechanical response of the solenoid, the terminal voltage appears asynchronous with the solenoid control signal.
polarity of the current, and consequently the polarity of the terminal voltage, is determined by the
direction of mechanical deformation. The induced current reverses sign when the actuator bends
upward versus downward, or when it switches between bending and release. The elements R,
and () represent the dielectric properties and losses of the actuator. The multiple LCR branches
correspond to different mechanical resonance modes [38, 39].

To estimate the magnitude of the motion-dependent terminal voltage during robotic operation,
a solenoid was used to mechanically excite an actuator whose terminals were connected to an
oscilloscope. Fig. 2.7 illustrates the experimental setup. A digital signal controls the solenoid.
When the signal is low, the solenoid is in the default state and the actuator is flat. When the signal
is high, the solenoid pushes the actuator, causing it to bend. Fig. 2.8 shows the measured waveforms.
In this experiment, the solenoid was operated at 5 Hz. Different external resistors were connected

in parallel with the actuator’s terminals to simulate interfacing with an external power converter.
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Figure 2.9: Measured actuator terminal voltage under 300 V driving square wave when the actuator is (a) placed on a
table and allowed to bend freely, and (b) mechanically constrained by placing a book on top of it. (c) Measured step
response of a cantilevered actuator under 300 V driving square wave.

The intervals when the actuator is pushed and released (marked as “Bent” and “Flat”) are labeled in
the figures. It is observed that the actuator’s terminal voltage is negative when the actuator is bent
and positive when it is released. When a resistor is connected, the negative and positive voltage
peaks are approximately —25 V and 30 V, respectively, and an RC-type voltage decay is observed
in the envelope of the measured waveforms.

When a piezoelectric actuator is driven by an external power converter, the actuator bends under
a positive applied voltage. However, in the previous experiment, a negative terminal voltage is
measured on a bent actuator. This indicates that as an external power source tries to charge an
actuator, the actuator’s induced current may counteract the charging current, resulting in a reduced
terminal voltage. Fig. 2.9 shows multiple waveforms when an actuator is driven by a 300 V square
wave. In Fig. 2.9(a), the actuator is placed on a table and can bend normally. In contrast, the
actuator in Fig. 2.9(b) is mechanically constrained by placing a book on top of it. Under identical
electrical excitation, the measured terminal voltage in Fig. 2.9(b) is approximately 7 V higher. This
observation is consistent with the earlier result: reduced mechanical deformation leads to a smaller
induced current, allowing the external source to charge the actuator more effectively.

Fig. 2.9(c) demonstrates the step response of an actuator in a cantilevered configuration, where
one end is clamped and the other end can oscillate freely. After the sharp charging and discharging
transitions, mechanical vibrations of the actuator appear as voltage oscillations in the measured
waveform. This indicates that the actuator’s self-induced current, and its resulting terminal voltage,

can directly influence the applied driving voltage. However, these voltage oscillations are not
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observed when the actuator is integrated into a soft robot because the printed circuit board (PCB)

and robotic feet mechanically damp the actuator vibrations.

2.6 Variation in Actuator Characteristics

The robot prototypes in the eViper platform contain multiple piezoelectric actuators. Differences
in their electromechanical responses to driving signals and their long-term stability will directly
translate to eViper’s behavioral consistency. To quantify variations in actuator performance over
time, prolonged cantilever tests were conducted on three actuator samples to measure changes in
oscillation amplitude. Although the cantilever configuration differs from the operating conditions
of eViper, it provides a valuable reference for analyzing discrepancies and changes in actuator
behavior. The samples were operated at 23 Hz, which is their resonant frequency according to a
previous study [20]. The peak-to-peak oscillation amplitude was recorded using the slow-motion
video mode (240 frames per second) of a GoPro HERO12 camera at ten-minute intervals. The
results are shown in Fig. 2.10. Significant degradation in vibration amplitude was observed on
all three actuator samples, indicating that the time-dependent characteristics need to be taken into
consideration when operating soft robots for extended period of time. Different initial bending
amplitude and lifetime across actuators were also observed in Fig. 2.10, the reasons for which can

be attributed to:
* Sample-to-sample variation of actuators [40].

» Nonuniform application of epoxy during the manual bonding of steel sheet and actuators,

leading to variations in adhesive layer thickness [4 1, 42].

* Electrical fatigue of piezoelectric materials, which reduces the bending responsiveness to

electrical driving signals [43, 44].

The above factors highlight a challenge in operating a multi-actuator soft robot: the inherent

complexity of the system. The complexity could come from different initial bending amplitude or
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Figure 2.10: (a) The time variation of the peak-to-peak oscillation amplitude of three piezoelectric actuator samples
during a cantilever experiment. The label at the end of each line indicates the percentage degradation of each actuator.
(b) Experimental setup showing a cantilevered actuator, a ruler, and a driver PCB. The ruler is placed beside the actuator
to determine the bending amplitude.

unbalanced rate of degradation, and it leads to non-ideal drift during robot operation. Methods to

compensate the non-ideal behavior will be discussed in Chapter 5.

2.7 Chapter Summary

This chapter introduced the fundamental physical, electrical, and mechanical characteristics of
the steel-bonded MFC devices. The V-Q loops were measured across different waveforms and
frequencies to quantify how actuator energy utilization changes with driving conditions. The
induced current and the resulting terminal voltage in a bent actuator were examined, and it was
found that they can counteract the external power source during operation. Finally, actuator aging
effects and lifetime were investigated, motivating the development of control strategies to regulate

the behavior of actuators and the entire piezoelectric mechatronic system.
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This chapter is based on work published in the following papers:

» H. Cheng, Z. Zheng, P. Kumar, Y. Chen and M. Chen, “Hybrid-SoRo: Hybrid Switched

Capacitor Power Management Architecture for Multi-Channel Piezoelectric Soft Robot,

2022 IEEE Applied Power Electronics Conference and Exposition (APEC)

*» H. Cheng et al., “A Flexible Lightweight 7.4 V Input 300 V to 1500 V Output Power
Converter for an Untethered Modular Piezoelectric Soft Robot,” 2023 IEEE 24th Workshop

on Control and Modeling for Power Electronics (COMPEL)

3.1 Chapter Introduction

This chapter details the design and implementation of the power circuits that enable efficient high-
voltage generation and control for multi-actuator piezoelectric soft robots. System-level power
flow analysis is also conducted to quantify energy required for actuation and support energy-aware
control strategies. Section 3.2 reviews the properties desired for power electronics in a piezoelectric
mechatronic system and topologies for building high-voltage converters. Section 3.3 introduces
the implemented high-voltage power converter in this research. Section 3.4 compares centralized
and distributed power delivery strategies for scalable actuation, and Section 3.5 presents the cir-
cuit topologies for both architectures. Section 3.6 demonstrates the experimental performance of
the prototype systems. Section 3.7 explains the method used to synthesize customized actuator
waveforms. Section 3.8 quantifies the total required power when driving an actuator with vari-
ous operating conditions, and Section 3.9 investigates the system-level power delivery efficiency.

Finally, Section 3.10 summarizes this chapter.

3.2 Power Electronics for Piezoelectric Mechatronic Systems
Piezoelectric mechatronic systems represent a novel application field for power electronics. Ideal
power electronics for these systems should possess the following characteristics:

» High-voltage capability. Piezoelectric actuators typically require driving voltages on the

order of hundreds to thousands of volts.
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» Compact size and low mass. Lightweight and compact circuitry is essential for mobile and

autonomous piezoelectric robotic systems.

» High efficiency. High conversion efficiency reduces overall power consumption and allows

the use of smaller batteries for a given system and operational requirement.

* Scalability and modularity. Piezoelectric mechatronic systems often integrate multiple
actuators that must be controlled independently to achieve better performance. Therefore,
a scalable and modular power electronics architecture, with one module per actuator, natu-

rally satisfies this requirement and enables straightforward expansion to larger systems.

* Flexible waveform generation. System performance depends strongly on the driving wave-
form. The ability to configure driving waveforms enables operation under optimal condi-

tions and improves overall system performance.

A piezoelectric driving circuit is a high-voltage, low-power system. Existing high voltage power
electronics can be grouped into two main categories: (1) transformer-based [10, 14, 45-48]; and (2)
transformer-less [49—51]. In transformer-based design, the circuit usually consists of an inverter,
a transformer, and a voltage rectifier or multiplier. The required voltage gain is contributed 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
[50, 51]. We adopt a transformer-based design, because (1) commercial low-power transformers
can offer high conversion ratios with low mass (~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.

3.3 High Voltage Power Converter Design

Fig. 3.1 shows the schematic of the implemented high-voltage power converter, which includes a
full bridge LLC inverter, a transformer, and a Cockcroft-Walton voltage multiplier. Commercial

lithium polymer batteries have a nominal output voltage of 3.7 V, and the 7.4 V system input voltage
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Figure 3.1: Circuit schematic of the implemented high-voltage power converter.
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Figure 3.2: Illustration of (a) the dependence of resonant tank input impedance on the converter switching frequency,
and (b) phase-shift modulation of the implemented power converter.

Vi 1s obtained by series-connecting two of those batteries. The full-bridge switches (514, Si5,
Soa, Sop) operates at 50% duty ratio with phase shift. The dc input voltage V;,, is converted into a
bipolar square wave voltage excitation, which can be frequency modulated and phase modulated.
This square wave excites the resonant tank, which consists of L,.;, C,.s, and the magnetizing
inductance of the transformer L,,. The 1:20 transformer steps up the ac voltage and drives the
voltage multiplier. Finally, the multiplier rectifies the ac voltage back to dc and linearly extends
the voltage level with each multiplier stage. There are 5 levels of multiplier as depicted in Fig. 3.1,
with the output of the first stage being 300 V and the output of the fifth stage being 1500 V. With
this design, both P1 and P2 types of MFC devices can be strongly actuated.

The overall voltage gain of the LLC converter can be adjusted by either frequency modulation or
phase-shift modulation. Fig. 3.2 illustrates the concept of both modulation approaches. Fig. 3.2(a)
shows that the input impedance of the resonant tank depends strongly on the switching frequency
of the full-bridge active switches. When the switches operate at different frequencies, the input ac

voltage waveform to the resonant tank will be attenuated by different scale. Therefore, the input ac
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Figure 3.3: Circuit schematics of (a) isolated boost converter and (b) flyback converter.

voltage to the transformer and the resulting output dc voltage can be controlled. This is the concept
of frequency modulation. Fig. 3.2(b) depicts the principle of phase-shift modulation. The top two
rows draw the gate control signals of switches Sy 4 and S5 4, while the third row shows the input ac
voltage waveform to the resonant tank V,,. The left column shows the non-phase-shifted waveform,
and Vj,, is bipolar. The right column illustrates the phase-shifted waveform, where switches S 4
and S5 4 are both turned on and off for a small period of time. V,, is 0 V when both switches are
on or off. Therefore, V,, becomes a three-level waveform, and the effective input voltage (at the
fundamental frequency) seen by the resonant tank is reduced. This way, the output voltage can also
be modulated. Note that the control signals of switches S5 and S, are always out-of-phase with
S14 and S5 4, respectively, to prevent short circuits from input to electrical ground.

This thesis adopts a full-bridge LLC converter as the high-voltage power converter topology be-
cause it offers flexible voltage control and the potential to achieve high power conversion efficiency.
Fig. 3.3 presents two other power converter topologies that could be considered, but each of them
has drawbacks in the context of piezoelectric mechatronic systems. An isolated boost converter
requires a more complicated control sequence for the full-bridge switches. In addition to the
conventional two-phase operation, it needs to implement an ““all-on” phase, where all four switches
are turned on after each traditional phase, to charge the inductor L [52]. This requirement noticeably
increases control complexity and places stricter demands on signal timing and synchronization. In
a flyback converter, electrical energy is stored in the magnetic core (magnetizing inductance) when

the switch S is turned on, and the energy is released when S is turned off. As a result, the converter
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Figure 3.4: Datasheet survey on commercially available multi-layer ceramic capacitors (MLCCs) and power inductors.
The blue data points and axes correspond to MLCCs, while the orange ones correspond to power inductors. The energy
density of commercial MLCCs is approximately 100 times higher than that of power inductors.

usually needs a larger transformer core due to the higher peak magnetizing current. Complicated
control and larger magnetic components are undesirable for the power systems discussed in this
thesis because they conflict with the goals of compactness and low mass. Therefore, these converter
topologies were not selected.

Fig. 3.4 shows that the energy density of commercial multi-layer ceramic capacitors (MLCCs) is
approximately 100x higher than that of power inductors. This comparison supports the suitability
of Cockcroft-Walton voltage multipliers for piezoelectric mechatronic systems because they rely
on capacitors rather than bulky magnetic components. As a result, the multipliers offer high energy
density while remaining compact and lightweight. Moreover, each stage requires only two diodes
and two capacitors, providing a simple and modular approach to interface with actuators that have

different voltage requirements.
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Figure 3.5: Block diagrams of two power delivery architectures: (a) centralized voltage conversion and (b) distributed
voltage conversion. In (a), high voltage is generated with a global voltage converter, and then distributed to each
actuator controller. In (b), system input voltage is distributed to each voltage converter module, and high voltage is
generated locally.

3.4 Centralized and Distributed Voltage Conversion Architectures

A soft robot may contain multiple actuators. The actuators may be controlled independently to
achieve the highest degree of freedom in motion control. Therefore, the design of the power
circuitry needs to enable distributed power delivery and control. There are primarily two strategies
to fulfill this function. Fig. 3.5(a) shows the centralized voltage conversion architecture. In this
design, there is one voltage converter and many distributed actuator controllers on the circuit. The
voltage converter maintains a global high-voltage rail and delivers high voltage across the circuit.
Each distributed actuator controller regulates how the actuator interfaces with the high-voltage rail,
depending on the motion control requirements.

On the other hand, Fig. 3.5(b) shows the distributed voltage conversion architecture. In this
design, there are many power converter modules, and each of them is responsible for the actuation
of a single actuator. Therefore, the system input voltage (battery voltage) is distributed across
the circuit, and high voltage is generated locally at each power module. A converter is activated
when the actuator requires charging. The converter and actuator discharge simultaneously when
commanded by the motion control system.

The above two architectures have distinct strengths and limitations. The centralized architec-

ture reduces the number of high-voltage power converters, resulting in lower overall component
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count. However, the load considered in this thesis, piezoelectric actuators, is highly capacitive and
draws pulsating current when driven by square waves. Therefore, high-voltage capacitor banks are
required to buffer energy and stabilize the high-voltage rail during operation. These high-voltage
capacitors are bulky and occupy significant PCB area in practice. Moreover, the active switches
in the distributed actuator controllers need to have high voltage ratings, which necessitates the
selection of physically larger devices. These factors make the centralized architecture less practical
and desirable for piezoelectric mechatronic systems. Nevertheless, this architecture could be highly
attractive in other applications. For example, when driving multiple low-voltage DC motors (e.g.,
four 12 V motors) from a low-voltage battery source (e.g., 3.7 V), the loads are primarily resistive
and the required output voltages are much more manageable. In this scenario, energy buffering
and switch implementation are significantly simpler, allowing the advantages of reduced converter
count to become more prominent.

On the other hand, the distributed architecture has a higher overall component count due to the
use of multiple onboard converter modules. However, only low-voltage capacitor banks are needed
to buffer battery-level input voltage, which is more space-efficient than high-voltage energy storage.
In addition, fewer high-voltage switches are required per actuator since the voltage conversion is
localized within each module. Therefore, the distributed architecture results in a more compact
PCB design for piezoelectric mechatronic systems, and it is adopted in more recent eViper robots,
including the four-actuator and amphibious prototypes introduced in Fig. 1.1. In the following

sections, schematics and prototypes of both architectures are presented and discussed.

3.5 Schematics for Power Delivery Architectures
This section introduces the circuit schematics to implement both power delivery architectures.
3.5.1 Centralized Voltage Conversion

Figure 3.6 shows the circuit topology of the centralized voltage conversion architecture with a full
bridge LLC inverter, a Cockcroft—Walton voltage multiplier, and distributed actuator controllers.

The top half of the figure is the same as the high-voltage power converter introduced in section 3.3.
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Figure 3.6: Schematic of an example centralized voltage conversion architecture containing an LLC converter,
Cockceroft-Walton voltage multiplier, and five distributed actuator controllers (DACs). The multiplier stage count
and the arrangement of the DAC connections can be altered based on the need of different robot design.

The multiplier and the distributed actuator controllers are designed to be scalable and modular.
The dc nodes in the Cockcroft—-Walton voltage multiplier (Cs — ') function as the input of the
controllers, and each node is able to serve as the voltage source of multiple controllers. The multi-
plier structure can also be further extended if higher voltage is desirable. In the implementation of
Fig. 3.6, the multiplier can provide five linearly-spaced voltage levels to drive actuators, and two
of them are utilized. The actuator controller modules can also be connected to other channels of
the multiplier depending on specific actuator requirements.

The distributed actuator controllers should be designed to meet the functional requirements of the
actuators, such as ramp-up rate, ramp-down rate, driving voltage polarity, and the requirements of
energy recycling. As discussed in Section 2.5, piezoelectric actuators can be modeled as an RLC
network, and the capacitor Cj usually dominates the behavior. Depending on the actuator area
and the required driving voltage, the capacitance values are different and should be considered in
circuit design. Figure 3.7 shows four possible implementations of the controllers. Unipolar ones are
designed to drive piezoelectric actuators that only need unipolar voltage. Bipolar counterparts are
designed for actuators which may need bipolar voltage. Resistive controllers excite the actuator

without recycling the energy stored in the actuators, and inductive ones can recycle part of the
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Figure 3.7: Four distributed actuator controller designs categorized by driving polarity and dominant passive element.
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Figure 3.8: Conceptual illustration of a pre-charged PZT} charges PZT5 by using a bipolar inductive controller array.

energy stored in the actuators with more sophisticated control. Figure 3.8 shows a conceptual
illustration of using an actuator to charge another through a bipolar inductive controller array. Since
the actuators in a soft robot are usually activated in sequence and operate in cycles, this operation
may improve the energy efficiency of the system.

The proposed architecture is highly flexible and modular. In Fig. 3.6, each controller can inter-
face with an arbitrary voltage levels on the multiplier. The capacitors in parallel with the DACs,
Cy 300 and Cy, 1500, are the high-voltage capacitor banks required to buffer energy for the high
voltage rails. When Sj;gnx is ON and S, x is OFF, the actuator (a capacitive load) is charged
and demands a pulsed current that causes a transient voltage droop on C'x and the capacitor banks.
The voltage on the multiplier is temporarily pulled down, and the capacitor banks need to be large
enough to ensure the PZTs reach sufficient voltage levels fast enough. When S, x is ON and
Shighx 1s OFF, the actuator is discharged via Rcr x. Current limiting resistors R x are placed in
each controller to suppress the peak current and control the charging/discharging time of PZTY.
In this thesis, only resistive controllers are implemented. Inductive controllers are buck converters

with voltage regulation and waveform generation capabilities. They require more sophisticated
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Figure 3.9: Schematic of the implemented distributed voltage conversion architecture. The load actuator can be
connected to any multiplier output (V,; to V,5) depending on its actuation requirements.
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Figure 3.10: Schematics showing the two operational states of the circuit when generating square waves. The grayed-
out circuit is deactivated. The right half of this figure demonstrates a 20 Hz, 50% duty ratio high-voltage square wave
generated by the converter. The waveform has slower edges due to the limited current capability of the power circuit.

control circuitry and heavier magnetic components. Therefore, they are not selected in this design.
3.5.2 Distributed Voltage Conversion

In a distributed voltage conversion architecture, there are multiple power converter modules on
the prototype PCB. Each module has the high-voltage power converter of Section 3.3 followed
by a discharge circuit containing a current-limiting resistor and an active switch. Fig. 3.9 shows
the circuit schematic of a single module. Each module is responsible for the actuation of a single
actuator, therefore, the required number of modules would be equal to the number of actuators in
a soft robot. Since the voltage converter directly interfaces with the actuator, the circuit and the
actuator discharge together when the microcontroller requires the actuator to discharge. The stage
count of the voltage multiplier is determined by actuator characteristics.

In this architecture, high-voltage output square waves are generated by controlling the LLC
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Figure 3.11: Square waves with different duty ratios. The blue waveforms are generated by the power converter, while
the green ones are generated by an external signal generator to provide a reference for waveform ideality.

converter and the discharge circuit in a complementary way. When the actuator needs to be charged,
the switches in the LLC converter operates normally and the switch .S, in the discharge circuit is
turned off. When the actuator needs to be discharged, the gates of all LLC full-bridge switches are
pulled low, and S, is turned on, so the load discharges through R . Anillustration of this process is
presented in Fig. 3.10. The frequency, duty ratio, and voltage amplitude of square waves are control
variables. Fig. 3.11 shows several 20 Hz square waves with different duty ratios. The rise time is
approximately 1 ms and the fall time is about 3 ms. The fall time can be shortened by reducing the
value of Ry, but the rise time presents a system limitation of the current circuit topology. With
a more sophisticated control scheme, this circuit is also capable of generating triangular and sine

waves, and the details will be presented in Section 3.7.

3.6 Prototypes and Power Efficiency
This section reports the design, layout, and de-dc power efficiency of the PCB prototypes.
3.6.1 PCB Design and Layout

There are multiple prototypes of eViper that has been constructed and researched. Fig. 3.12 shows
four different PCB designs that corresponds to three versions of the robot, and the dimensions of
each design are labeled.

In the two-actuator prototype, a distributed voltage conversion architecture was adopted. There
are two power converter modules, batteries, and a microcontroller (MCU) on board. Common

battery options that have compact form factor include coin batteries and lithium-polymer (Li-Po)
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Figure 3.12: Four PCB designs across three versions of eViper robot prototypes. The figures are not to scale. The
actual dimensions are labeled.

44



Two Actuators, Without a Capacitor Bank Two Actuators, With a 4.4 mF Capacitor Bank
300V 300V
A
Y
i~ v-— A . r Ll L
8V Input Voltage Rail 8V Input Voltage Rail
~25% Voltage Droop ~8% Voltage Droop
@ 200v ][zn oms. Hmis/;‘mu \mH,; 102V @ 200v j[zn oms. Hmis/;m { \mH,; 102V

Value  mean
@ vean 705V 7.64

1980w 2073)
l04:30:40

@ vean

Value  Mean  Min_ Max
7.00v 742 10m 87

Std Dev
214

(19 Noy 2075
loa:37:01

Four Actuators, Without a Capacitor Bank

Four Actuators, With a 4.4 mF Capacitor Bank

300V 300V
A
. \ ) -.i.-
- bf'?x ' V"’ [y r
8V Input Voltage Rail 8V Input Voltage Rail
~38% Voltage Droop ~14% Voltage Droop
© ooy v — e T o Xy X 2 T — e [

Wean Wi
@ vean 703 515

Stdpev
91.6m

5.00

Stdpev
6.79m

70 Nov 2025
04:00007 )

T0Ney 2073
04:00:20

Figure 3.13: Oscilloscope images showing the voltage applied to an actuator (light blue waveform) and the input rail
with voltage droop (dark blue waveform). The top row compares the results of driving two actuators simultaneously,
with and without a capacitor bank, while the bottom row shows the cases of concurrently activating four actuators.
Capacitor banks are effective in reducing the magnitude of voltage droop. The power source of this test was two fully-
charged lithium polymer batteries, so the input voltage level is slightly higher than the nominal 7.4 V.
batteries. Li-Po batteries are utilized in this research because their rated dc output current (200 mA
or higher) significantly exceeds that of coin batteries (~1 mA). Additionally, Li-Po batteries are
rechargeable, but most coin batteries are not. Rechargeable batteries are preferred because they
enable repeated operation without replacement, simplifying system maintenance and reducing en-
vironmental impact. The nominal output voltage of a Li-Po battery is 3.7 V, the 7.4 V system input
voltage is acquired by series connection of two Li-Po batteries.

Due to the capacitive nature of piezoelectric actuators, the converters must supply pulsating
currents when charging the loads with square waves. However, the batteries cannot deliver large

currents instantaneously, leading to voltage droop on the input voltage rail. This effect is more

pronounced when multiple actuators are driven simultaneously since it puts more stress on the input

45



Tek Prevu I I

1500 V Voltage Rail 7] 3 ‘
(500v/div) i - 80ms (20ms/div) 1500V

1
1
1
|
1
|
. S L -
[SALSASINLIS I S S—— S -

i ;J—‘Ejltage across Actuator
750 V (500Vidiv)
: ' 750 V Voltage Rail
3 -1 (500V/div)
B
(@ 500V~ @ s00v & J‘Zu.oms H?r\?r‘;?r{lss H B |nn{ Zsuv\‘ (a) (b)

Figure 3.14: Oscilloscope images demonstrating the waveforms of the high-voltage rails and the voltage applied to an
actuator in a centralized voltage conversion architecture. (a) Transient voltage droop when driving a 1500 V actuator.
(b) Start-up transient of the voltage multiplier. The voltage rails are evenly distributed. In this experiment, the basic
voltage level was regulated to 250 V, and there are six multiplier stages to generate 1500 V.

voltage rail. A capacitor bank is needed to stabilize the rail. Fig. 3.13 shows the waveforms of the
input voltage rail and the 300 V output square waves at 20 Hz. The top row presents the results of
driving two actuators together, with and without a capacitor bank, while the bottom row shows the
case of driving four actuators concurrently on the four-actuator prototype (Fig. 3.12(d)). In both
scenarios, a capacitor bank significantly reduces the droop magnitude. The two-actuator prototype
was built without an input capacitor bank; however, such a feature can be seamlessly implemented
if required. Prototypes with a larger number of actuators integrate capacitor banks to handle worst-
case conditions, where multiple actuators are driven simultaneously. A larger capacitor bank can
be utilized to further reduce the voltage droop magnitude, at the cost of increased area and weight.
The current configuration (4.4 mF in total) represents a balanced trade-off between rail stability
and system weight.

In the five-actuator prototype, both centralized and distributed voltage conversion architecture
were constructed. In this prototype, 300 V and 1500 V actuators need to be driven simultaneously,
therefore, two high-voltage rails need to be maintained in the PCB of Fig. 3.12(b). Aluminum elec-
trolytic capacitors can be used to construct the 300 V rail, but the 1500 V rail becomes problematic
since the voltage rating of those capacitors are less than 800 V. Cascading electrolytic capacitors
to withstand higher voltage results in lower power efficiency, higher size and weight, and potential

voltage balancing problems. Therefore, both high-voltage rails in this design were implemented
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with multi-layer ceramic capacitors (MLCCs) for consistency and reliability. MLCCs generally
have lower capacitance and suffer from dc voltage derating, therefore, many of them need to be
connected in parallel and occupy a noticeable area on the PCB. Fig. 3.14 demonstrates waveforms
measured from a five-actuator prototype with centralized voltage conversion architecture.

In the distributed version of the five-actuator PCB (Fig. 3.12(c)), five converter modules are
required to drive the actuators, and two aluminum electrolytic capacitors (4.4 mF in total) were
used to buffer the input voltage rail. A low-voltage capacitor bank occupies less PCB area and
reduces the pulsating current stress on the power source.

The PCB for the four-actuator prototype was designed to have the highest flexibility and modular-
ity. There are four power modules on the PCB. Each power module can drive an arbitrary actuator
with required voltage up to 1500 V. A distributed power architecture was chosen for maximum
controllability, modularity, and compactness of capacitor banks. The infrared-related components
are related to robot motion analysis and will be discussed in later chapters.

All MCUs in Fig. 3.12 are capable of Bluetooth communication. Therefore, the power modules

and the robots can be controlled remotely.

3.6.2 High-Voltage Safety Features

The PCBs developed in this thesis generate high output voltages. Consequently, several safety fea-
tures are implemented to enhance operational safety. A red light-emitting diode (LED) is connected
to the low-dropout (LDO) voltage regulator that powers the essential integrated circuits in each high
voltage power converter. As a result, the LED is illuminated whenever the converter is operating,
providing a clear visual signal that high voltage is present on the PCB. Additionally, each actuator
is connected to a 2 MS) bleeder resistor, which is placed in parallel with the actuator terminals.
These resistors consume low power during normal operation and ensure each actuator is safely
discharged after system shutdown. The high-voltage capacitor banks in the centralized architecture
are also equipped with bleeder resistors. Together, these measures provide clear visual signals
during system operation and ensure that the stored high voltage is dissipated after experiments.

Fig. 3.15 illustrates the two safety features by using the four-actuator prototype as an example.
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Figure 3.15: Safety features implemented on the PCBs. The red arrows highlight the high-voltage indicator LEDs,
while the blue arrows mark the bleeder resistors. A zoomed-in photo is provided to show that the bleeder resistors are
connected in parallel with the actuator terminals.
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Figure 3.16: Dc-dc power conversion efficiency and voltage gain of the converter 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 where the two half-bridge branches are out of phase. In the left
figure, the solid lines represent the data without considering gate driver loss, and the dashed lines show the estimated
efficiencies including gate driver loss.

3.6.3 Dc-dc Power Efficiency

The voltage gain of the circuit can be modulated by frequency and phase-shift modulation. Fig. 3.16
shows the dc-dc power conversion efficiency and voltage gain measured at different phase shifts.
After considering gate driver loss, the converter’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 mod-
ulating the voltage gain of a full-bridge LLC converter other than frequency modulation, making
a full-bridge design more attractive than half-bridge options. This figure reports the dc-dc power
efficiency. However, the power circuit almost always needs to drive actuators with an ac waveform

in this thesis. In Section 3.9, the system’s ac power efficiency is analyzed.
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Figure 3.17: Schematics showing the two operational states of the circuit when generating the charging phase of
triangular waves. The grayed-out circuit is deactivated. The right half of the figure shows an illustration of a zoomed-in
triangular wave synchronized with the PWM control signal. Due to the incremental charging and discharging behavior,

Vout 18 a sawtooth-like waveform.
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Figure 3.18: Schematics showing the two operational states of the circuit when generating the discharging phase of
triangular waves. The grayed-out circuit is deactivated. The right half of the figure shows that V,,,; is discharged at

two different rates in an alternating manner.

3.7 High-Voltage Waveform Synthesis for Piezoelectric Actuation

Generating high-voltage triangular or sinusoidal waveforms at the converter output requires the

slope of the output voltage be precisely controlled. To achieve this, the power module is controlled

by a 10 kHz pulse-width modulation (PWM) signal, which incrementally charge and discharge

the actuator and shape the desired waveform. The actuator, which can be primarily modeled as a

capacitive load, is always connected to a large bleeder resistor. This resistor provides a continuous

discharge path that helps modulate the voltage ramp-up and ramp-down speed of the actuator.

Fig. 3.17 depicts the waveform generation of the triangular-wave charging phase. During the
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charging phase, when the PWM signal is high, the converter is enabled and incrementally charges
the actuator. When the PWM signal is low, the converter is disabled, allowing the actuator to
discharge slightly through the discharge circuit. The discharge in this period is intentionally smaller
than the charge gained during the PWM-high state to ensure a net increase in voltage. By adjusting
the duty ratio of the 10 kHz PWM signal, the effective charging rate and the slope of the voltage
waveform can be precisely tuned. A higher duty ratio results in a steeper voltage slope.

Fig. 3.18 depicts the waveform generation of the triangular-wave discharging phase. During the
discharging phase, the full-bridge switches of the converter remains off, and the 10 kHz PWM
signal is still on. The actuator slowly discharges through the large bleeder resistor when the PWM
signal is high, and it discharges through the low-resistance discharge circuit when the signal is low.
This configuration allows control of the overall discharge rate by alternating between slow and fast
discharge paths according to the PWM duty ratio.

Because the piezoelectric actuator behaves as a capacitive load, the voltage waveform of the
converter output naturally follows an RC charging and discharging curve. To obtain a desired
voltage slope, the duty ratio of the 10 kHz PWM signal must therefore be continuously modulated
to compensate for the nonlinear slope variations inherent to the RC response. In the current imple-
mentation, each cycle of the triangular waveform is divided into 20 discrete steps, meaning that the
PWM duty ratio is updated 20 times per cycle to achieve the desired waveform accuracy. More
discrete steps can be utilized to further improve the waveform shape accuracy and controllability,
though this should be balanced with the available computational resources of the MCU. The proce-
dure for generating high-voltage sinusoidal waveforms is similar. However, the PWM duty ratios
must be appropriately modified to accommodate the different waveform shape.

Fig. 3.19 shows the experimental results for the 300 V waveform generation. By carefully
controlling the duty ratio of the 10 kHz PWM signal, high-voltage high-fidelity triangular and

sine waves can be generated from the distributed power architecture.
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Testop

Figure 3.19: Oscilloscope images showing the converter-generated triangular waves and sine wave. The light blue
waveform represents the 300 V waveforms generated by the converter. The light green waveform is a low-voltage
reference signal generated by an external signal generator to visually compare the converter output with an ideal
waveform shape.

3.8 System Power Consumption When Driving a Single Actuator

When piezoelectric actuators are integrated into a soft robotic system, the power demand is affected
by not only the actuator but also the behavior of the driving power converter. Circuit topology,
switching dynamics, waveform synthesis, and control strategy all influence how much energy needs
to be supplied by the input source. To obtain a realistic estimation of energy usage, particularly
for untethered robots powered by compact batteries, it is important to measure the input power
drawn by the converter while it drives the output actuator with representative waveforms. The
system-level observation reveals how different loading conditions, driving frequencies, and oper-
ating waveforms impacts the energy demand, and it also provides practical insights for optimizing
the operational waveforms, control methods, and battery sizing.

The input power of a power module is measured under three different conditions: (1) Driving an
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Figure 3.20: Measured converter input power for different driving waveforms across three converter loading conditions.
The photo of experimental setup is attached.

actuator in the four-actuator prototype in air, (2) Driving an actuator in the amphibious prototype
when it is floating on the surface of water, and (3) Driving an MLCC with comparable capacitance
as the piezoelectric actuator (no mechanical motion in this case). Measured by an impedance
analyzer (HP 4192A), the effective capacitance of a P2 MFC is approximately 120 nF. The MLCC
used in this experiment (TDK CGA6M1X7T2J154K200AC) has a nominal capacitance of 150 nF.
After considering DC voltage derating, it has a capacitance of approximately 100 nF. Comparing
operating conditions (1) or (2) with (3) reveals how much more energy is required to drive a
piezoelectric actuator and generate mechanical displacements than a purely capacitive load. Seven
different waveform shapes are used to excite the loads: triangular waves with 30%, 50%, and 70%

duty ratio, sine waves, and square waves with 30%, 50%, and 70% duty ratio. A frequency sweep
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Figure 3.21: Measured converter input power for different loading conditions across seven driving waveforms. The
legend is shared across all three sub-figures.
is conducted for each waveform from 10 Hz to 40 Hz, with a step size of 2 Hz.

Fig. 3.20 presents the experimental results for each waveform shape across different converter
loading conditions. The power consumption increases with operating frequency because the con-
verter need to charge and discharge a capacitive load more frequently, leading to higher energy
use. Another observation is that the difference in power consumption between loading conditions
is relatively small at lower frequencies but becomes more pronounced at higher frequencies. On
average, driving an actuator at 40 Hz in air consumes ~5% more power than driving an actuator
on the surface of water and ~22% more power than driving an MLCC.

Fig. 3.21 plots the data for each loading condition across different waveform shapes. For tri-
angular waves, a larger duty ratio leads to higher power consumption since the power module is
active during the rising interval. The same trend is also observed for square waves with different

duty ratios. It can also be observed that triangular excitation consumes the most power, followed
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Figure 3.22: Difference of converter input power between (a) driving an actuator in air and a capacitor and (b) driving
an actuator in air and an actuator on water surface. The legend is shared across the sub-figures.
by sinusoidal excitation, while square-wave excitation consumes the least.

Knowing that driving actuators in air requires the most power, Fig. 3.22 further shows the
difference of measured system input power among different loading conditions. Fig. 3.22(a) shows
the difference between driving actuators in air and driving capacitors. The difference increases
with frequency, and the curves roughly lie in the same range. Fig. 3.22(b) shows the difference of
driving actuators in different environments. The power difference has a weak positive relationship
with increasing frequency. Most data points are positive, indicating that operating actuators in air

typically require more power than on water.

3.9 System-Level Power Analysis

Fig. 3.23 illustrates the key power-flow components of the entire system. P;, denotes the electrical
input power delivered from the batteries to the power system and is measured in Section 3.8. P,
represents the power delivered by the converter to the actuator and is computed as Egiored, max
divided by the period of an operation cycle (refer to Section 2.4). Pjeqt, i denotes the power
conversion loss in the power electronics. The net power absorbed by the actuator is divided into
mechanical output power, P, and actuator material 10ss, Pyeqt, oct- The sum of these two terms
can be calculated by dividing E,.c; 4 by the period of an operation cycle. Finally, Puischarge
represents the power returned from the actuator to the power electronics and is dissipated in the

discharging resistor R . The current power architecture does not have energy recycling capability.
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Figure 3.23: A block diagram showing system-level power flow from the battery to the actuator.
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Figure 3.24: Data of 7, and 7:tq; across operating waveforms and frequencies.

Therefore, Pyischarge cannot be recovered.

Based on the above power components, two system-level power metrics can be defined:

Pou
Nout = Pmt (3.1)

(Pmech + Pheat,act)
P,

Ntotal =

(3.2)

Nout denotes the fraction of the input power that is delivered to the actuator and can be interpreted
as the converter’s ac power efficiency. 7, represents the fraction of the input power absorbed by
the actuator and can be interpreted as the overall system power efficiency. These two metrics are
calculated and displayed in Fig. 3.24.

Nout 18 typically lower for triangular and sinusoidal excitation and higher for square-wave ex-

citation, which can be attributed to the waveform synthesis process introduced in Section 3.7.
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During the charging phase of waveform synthesis, the actuator voltage is incrementally charged
and discharged, leading to additional power loss. Alternative control strategies or circuit topologies
may improve the ac power efficiency. The measured 7. lies between 5% to 15%. Square-wave
excitation have higher power utilization than triangular and sinusoidal excitation. During the power
measurements, the actuator is fixed in place and driven in air. Therefore, the mechanical output
power P, 1s expected to be small (primarily moving the air), and Pjcqs, o Should contribute to
the majority of the reported 7;,:4;. Several approaches may be explored to improve 7.4, including
(1) measure the V-Q loop of an actuator when it is doing mechanical work on external objects, and
(2) investigate circuit topologies that enable energy recycling. 7;,:,; could be improved significantly

if Pyischarge can be partially recovered.

3.10 Chapter Summary

This chapter investigates the power circuitry and energy flow of the eViper soft robotic platform.
Power converter topologies, PCB implementation, and power delivery architectures are analyzed,
and the design constraints are specified. Control methods for waveform synthesis are introduced
and experimentally demonstrated. Finally, system-level power flow and energy utilization are
studied, providing valuable insights for energy-aware control strategies across different driving

waveforms and operating frequencies.
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This chapter is based on work published in the following papers:

* H. Cheng, Z. Zheng, P. Kumar, W. Afridi, B. Kim, S. Wagner, N. Verma, J. C. Sturm and M.
Chen, “eViper: A Scalable Platform for Untethered Modular Soft Robots,” 2023 IEEE/RSJ

International Conference on Intelligent Robots and Systems (IROS)

* Z Zheng, H. Cheng, P. Kumar, S. Wagner, M. Chen, N. Verma and J. C. Sturm, “Wirelessly-
Controlled Untethered Piezoelectric Planar Soft Robot Capable of Bidirectional Crawling
and Rotation,” 2023 IEEE International Conference on Robotics and Automation (ICRA)

4.1 Chapter Introduction

This chapter introduces the linear, two-actuator eViper system. Inspired by inchworm locomotion,
the two actuators are aligned end-to-end, giving the robot a one-dimensional (1D) overall structure.
The prototype integrates actuators, power electronics, batteries, control, and a wireless MCU, en-
abling fully untethered operation. Sensors are also installed onboard, allowing the robot to measure
its linear and rotational velocities.

Section 4.2 presents the hardware composition of the two-actuator eViper. Section 4.3 qualita-
tively explains its motion mechanism. Section 4.4 describes the employed approaches to simulate
the robot’s behavior in the PyBullet physics engine. Section 4.5 analyzes the impact of electrical
driving parameters and battery weight distribution on the robot’s locomotion behavior and energy

efficiency. Finally, Section 4.6 summarizes this chapter.

4.2 Two-Actuator eViper Hardware Implementation

Figure 4.1 illustrates the mechanical structure of a two-actuator eViper example. The fabrication
process is hierarchical, based on separating the components required for different functionality
(actuators, mechanical substrate, power electronics, and control circuitry) across different soft and
flexible layers. eViper is a piezoelectric soft robot. Each piezoelectric actuator is a 20-mm-wide,
100-mm-long, and 300-um-thick commercial Macro Fiber Composite (MFC) unit from Smart

Material Corp. [33], bonded to a 50-um-thick steel foil. On top of the steel foil, we customized a

58



Batteries

4 120 pm

25pm
i 268 pm
50 ym
-th powel' an . ¥
e Steel piezo Actuator ; 3o0pm

ight
ngh \' 3D-Printed Feet

Left Piez0 Actuator

A\ 4

20 mm\/
100 mm

Figure 4.1: Mechanical structure of an illustrative two-actuator eViper comprising actuators, power electronics, sensors,
microcontroller, and batteries. The actuators and the steel foil are bonded with epoxy glue. Other layers are bonded
with double-sided tape or Kapton tape.

flexible printed circuit board (PCB) that hosts power converters and control circuitry to drive the
actuators. To ensure safe testing and high voltage insulation, the power electronics are enclosed in
a shielding layer. The shielding layer comprises a 25-um-thick Kapton tape covered by a 120-um-
thick Faraday tape. The Faraday tape is conductive and is connected to the negative terminal of
the battery (the electrical ground of the robot), functioning as a Faraday cage and electromagnetic
interference (EMI) shield to block the high voltage. The batteries, microcontroller, communication
circuits, and auxiliary sensors (all low-voltage) are left outside. Two 3D-printed plastic “D”’-shaped
feet are attached to the bottom side of the robot to lift the robot body and ensure robust ground
friction. All these functional layers contribute to the weight distribution and the stiffness of the soft
robot. These factors, together with the actuation pattern, jointly affect the locomotion efficiency
and the payload capacity.

Figure 4.2(a) and 4.2(b) show the top view and the side view of the assembled robot. The infrared
(IR) distance sensor, microcontroller (MCU), inertial measurement unit (IMU), and batteries are
visible from the outside. The high-voltage power electronics are shielded by the Kapton and
Faraday tapes. Figure 4.2(c) shows the power electronics inside the shielding. The weight of the
robot is 44.5 g. Its remaining payload of about 10 g can accommodate more electronics or batteries.

The structure of the proposed platform is highly scalable. It can be extended to a larger actuator

59



IR Sensor MCU & IMU

Faraday Tape ‘

N~

Power

Power

Battery Connectors

Converter

Figure 4.2: (a) Top view, (b) Side view, and (c) Embedded power electronics of a two-actuator eViper. The high voltage
circuits are shielded by a Kapton insulating tape to ensure electrical safety, and a conductive Faraday tape connected
to the negative terminal of the battery to block electromagnetic interference (EMI). The length and width of the robot
are 200 mm x 20 mm. The height of the two 3D-printed robot feet is 10 mm.
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Figure 4.3: The area and weight distribution across multiple functional blocks of the two-actuator eViper. Batteries
contribute the most to both the area and weight, indicating that energy storage is the primary constraint of untethered
piezoelectric mechatronic systems. An MCU break-out board is utilized for this prototype. In later chapters, we
integrate the MCU chip directly on the PCB to save area and weight contribution of the MCU.
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Figure 4.4: (a) Block diagram of eViper’s electrical platform. (b) The circuit schematic of a high voltage driver with
five configurable output voltage options. There are two high voltage drivers on board, and only the 300 V output is
used in this work. (c) Bending behavior of the steel-bonded piezoelectric actuator. The red layer is the steel sheet, and
the orange layer is the MFC device. The actuator bends concave down when a positive voltage is applied.

array or be arranged to other shapes based on need and application, which will be introduced in
later parts of this thesis. Fig. 4.3 presents the pie charts for the area and weight distribution across
functional blocks of this two-actuator prototype.

Figure 4.4 provides an overview of the electrical architecture of the soft robot. The circuit
schematic and actuator bending behavior are attached for completeness. The eViper is controlled
by a microcontroller which can support many sensors. A Bluetooth microcontroller (DFRobot
DFRO0339) takes charge of actuator control, sensor control, and communication with the PC; an
infrared (IR) distance sensor (Adafruit VL53L4CD) measures robot velocity and detects the robot
location; a nine-axis inertial measurement unit (IMU, Adafruit BNOO55) is used for measuring
locomotion; and a DC current sensor (Atnsinc INA219) gauges the power consumption of the
untethered robot. The microcontroller and the sensors together consume about 0.8 W. The power

stage consumes about 0.4 W. The power consumption of the entire robot is about 1.2 W. The

batteries last for approximately an hour.
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4.3 Two-Actuator eViper Basic Operation Mechanism

We start analyzing the locomotion of the two-actuator eViper by only driving a single actuator at a
time. Motion in the long direction of the robot is created due to actuation asymmetry, weight, and
structure. Figure 4.5 illustrates five general locomotion steps when only driving the left actuator,
and we assume the weight distribution across the robot body is uniform. The same principle can
also be applied if we only drive the right actuator of a uniform-weight eViper.

While the precise locomotion arises from more complex deformations and forces, the understand-
ing explained in Figure 4.5 provides an effective starting point for design and trade-off exploration.
The effectiveness of locomotion depends on the frequency, strength, and duration of the actuation.
Asymmetric weight distribution and asymmetric actuation lead to asymmetric locomotion.

Understanding single-actuator actuation serves as the basis of understanding multi-actuator ac-
tuation. The locomotion becomes more complicated when two actuators are operating at various
frequencies, duty ratios, and phases, and if weight distribution is asymmetric. Figure 4.6 shows
an example of periodic control signals for both actuators. The enormous control DOF makes it
complicated and impractical to develop an analytical model for describing the locomotion. Instead,

we build a simulation toolkit to assist in the design and control of the modular soft robot.

4.4 SFERS: Simulation Framework for Electroactive Robotic Sheet

We introduce SFERS [53] as an open-source software platform (at https://github.com/zhiwuz/sfers)
based on PyBullet, for rapid simulation of a multi-actuator soft robot. As shown in Fig. 4.7,
SFERS models piezoelectric actuators as a series of short and rigid links connected with torque-
controlled motors. It computes motor torques from the voltages applied to the actuators and uses the
information to drive the soft robot. The model has proved useful for modeling static and dynamic
motion of multi-actuator piezoelectric 2-D soft robots [53]. In this work, we model each actuator as
six links and five motors. The entire two-actuator robot has eleven links and ten motors (the links
at the junction of two actuators are treated as one link). Based on the measured material properties

of eViper, the motors in the simulation are set to have a torsional Hooke’s constant of 0.32 N-m. In
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Upward Force

Figure 4.5: An illustration depicting the leftward motion when only driving the left actuator. 1. The initial state: L,
is the distance between the two contact points of the feet on the ground. 2. High voltage (300 V) is applied to the left
actuator. It starts to bend concave down and applies a downward force to the left foot. The force increases the normal
force and the maximum static friction between the left foot and the ground during the dynamic bending process. 3.
The left actuator bends to its maximum extent. The distance between the two contact points, L, must be smaller than
the original distance L, due to the robot curvature. Since the left foot has a higher maximum static friction, the right
foot is easier to move and is dragged to the left. 4. 0 V is applied to the left actuator, causing it to flatten and apply an
upward force to the left foot, decreasing the normal force and the maximum static friction between the left foot and the
ground. 5. In the final step of the cycle, the robot finishes flattening. Since the left foot has a lower maximum static
friction than the right foot until the end of the cycle (robot completely flat), the left foot is easier to move and slides to
the left. Then the entire robot has moved to the left with respect to its initial state.
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Figure 4.6: Example of periodic control signals when driving both actuators with a specific frequency (f), phase (®rr),
duty ratio of the left actuator (Dy), and duty ratio of the right actuator (Dg). Frequency is the reciprocal of the signal
period 7T'. Phase is the fraction of a period 7" between the rising edges of the two signals and is often expressed in
degrees (0° to 360°). The duty ratio, when expressed as a percentage, is the fraction of a period 7" that a signal remains
at the high level.
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Figure 4.7: Illustration showing the concept of the motor-link structure together with several frames (¢( to tg) in a
simulation video. We use five motors to simulate one actuator. The time difference between each frame is 20 ms. The
right side shows the applied voltage versus time. The red and orange voltages correspond to the left and right actuator,
respectively.
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Figure 4.8: (a) The side view of the robot in PyBullet physics engine. There are three layers, from top to bottom:
the boxes which represent the weight distribution, the actuators, and the feet of the robot. (b) The estimated weight
distribution of the components on top of the robot body. Each bar in this graph is assigned the same color as the
corresponding box in Figure 4.8(a).
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SFERS we model the robot feet as a pair of hard cylinders which are attached to the robot body.
The numerous electronic components and batteries are modeled as inflexible boxes attached
to the links, as illustrated in Fig. 4.8(a). The weight of each box is different, and the weight
assignment is based on the weight distributed over each centimeter along the robot, which is shown
in Fig. 4.8(b). The interface between the weight boxes and the robot body is firm and non-flexible.
The robot weighs 44.5 g, including the two batteries weighing 12.4 g (~28% of the total weight).
The SFERS platform helps to develop a qualitative understanding of robot locomotion. It is
a tool to assist more sophisticated soft robot design before experimental prototyping. However,
SFERS has many limitations which may prevent it from making a precise prediction of the soft

robot locomotion. These limitations include:
» SFERS assumes all functional layers are tightly bonded to each other, which may not be true.
» The electronics and batteries may change the flexibility and the effective Young’s modulus.
 The interface between the feet and the external environment is different from the models.

» Non-idealities in the power electronics, e.g., the voltages generated by the power electronics

are not ideal pulse-width-modulated square waves but have finite rising and falling time.
* The mechanical characteristics of the soft robot may not be uniform across the entire robot.
* The asymmetry across the width is not captured.

All these factors may influence the accuracy of the PyBullet model and may introduce discrep-
ancies in robot behavior between simulation and experiment. Sensors and closed-loop control are
needed for precise robot manipulation and locomotion. Nevertheless, we found that the scalable
SFERS modeling framework can capture the general robot behavior across a wide range of oper-
ating frequency, phase, and duty ratios. It provides insights on robot locomotion when driving it

with different actuation patterns and weight distribution across the robot body.
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Figure 4.9: The three different battery positions we used to study the impact of weight distribution. We define the
figures from top to bottom as battery position #1, #2, and #3, respectively. Battery position #1 is the default position
used in the majority of tests presented in this paper.

4.5 Two-Actuator eViper Experimental Results

A test platform was constructed to collect data for experimental verification. The robot is tested on
a 37x6-inch marble tile (friction coefficient measured as 0.36). A fence around the experimental
area enables IR distance sensing with 1 mm precision. The eViper calculates its velocity and current
consumption and communicates with a computer through Bluetooth to transmit the data, enabling
fully untethered operation. For each actuation pattern, the robot was activated for 5 seconds to
ensure that it reaches a periodic steady state before the data was measured and transmitted back
to the computer. The experiments start by actuating a single actuator with different frequencies
(8 Hz to 26 Hz) and duty ratios (10% to 90%). The two actuators are then actuated with different
frequencies (8 Hz to 26 Hz), phases (0° to 324°), and duty ratios (0% to 90%). As shown in Fig. 4.9,
experiments are also conducted with the batteries placed at three different locations to study the
weight impact on robot velocities. In the following sections, we define velocity as positive when

the robot moves to the left, and negative when it moves to the right.
4.5.1 Velocity and Efficiency when Actuating a Single Actuator

This section presents the simulation and experimental results for driving a single actuator with

different frequencies and duty ratios. The velocity and power consumption are measured. The

66



Simulation Experiment
Left Actuator Only Left Actuator Only
S 80 S 80 1 5
05 9
= 60 S 60 Q.
g 40 &U 40 ° f‘
2 2 05 S
> > =
Q 20 0O 20 4 2
(=<} N © o < (=<} N © o <
- - N N - - N N
Frequency (Hz) Frequency (Hz)
Right Actuator Only Right Actuator Only
S 80 S 80 1§
05 o
-% 60 ;;95 60 5]
x 40 x 40 ° =
> > )
5 5 -0.5 3
a 20 O 20 PR
[-<] N © o < (-} N © o <
- - N N - - N N
Frequency (Hz) Frequency (Hz)

Figure 4.10: Simulated (left column) and experimentally measured (right column) robot velocity as a function of
frequency and duty ratio when driving only the left actuator (top row) or the right actuator (bottom row). Batteries at
position #1.

batteries are placed at position #1.

Figure 4.10 shows and compares the simulated and measured velocity. In experiments, we
measured a maximum positive velocity of 1.3 cm/s at 16 Hz and 60% duty ratio when driving the
left actuator only, and a maximum negative velocity of —0.5 cm/s at 26 Hz and 60% duty ratio when
driving the right actuator only. The simulation result for the left actuator shows good agreement
with the experimental results. However, discrepancies between experiment and simulation are
observed for the right actuator. This could be a consequence of the batteries sitting on the right
actuator, where they may alter the mechanical properties in a way that is not captured by the
simulation.

Figure 4.11 depicts the power consumption for driving a single actuator at various frequency
and duty ratio combinations. The values in the figure represent the power consumption of the

power stage, which is the power consumed by the driver power electronics and the actuator. It
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Figure 4.11: The power consumption of the soft robot power stage (power electronics and actuators) as a function of
frequency and duty ratio when only driving the left actuator or the right actuator. Batteries at position #1.
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Figure 4.12: The actuation efficiency of the robot as a function of frequency and duty ratio when driving only the left
actuator (left figure) or the right actuator (right figure). Driving the left actuator is more efficient than driving the right
actuator. Carrying the batteries makes the right actuator less efficient. Batteries at position #1.
can be estimated by multiplying the measured average current by 7.4 V (the battery voltage) and
subtracting the computational power (about 740 mW). The power consumption is generally higher
with larger duty ratios. This is related to our power electronics design — the power consumption is
linearly proportional to the duty ratio of the actuation pattern. A different implementation of the
power electronics may lead to very different power consumption.

Dividing the absolute velocity (Fig. 4.10) by power (Fig. 4.11), we can estimate the locomotion
efficiency in the unit of cm/s/W, as shown in Fig. 4.12. When driving the left actuator only, the
efficiency is generally higher at mid-range frequencies and duty ratios. When driving the right

actuator only, the efficiency is much lower due to the battery position.
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Figure 4.13: Experimentally measured soft robot velocity when driving only the left actuator (left figure) or the right
actuator (right figure), with the batteries placed at position #2. The left actuator is again more efficient.

Left Actuator Only Right Actuator Only

—~ —~ <
< 80 < 80 L
05 3
2 60 2 60 2
& & 0o <
> 40 >, 40 H S
Fan = -0.5 3
> > ~
aQ 20 Q 20 4 2

=<} N © [=] < -] N © o <

- - N N - - N N

Frequency (Hz) Frequency (Hz)

Figure 4.14: Experimentally measured velocity when driving only the left actuator (left figure) or the right actuator
(right figure). The batteries are placed at position #3. Both left and right actuators become less efficient.

4.5.2 Impact of Battery Location on Soft Robot Locomotion

In this section, we show the experimental results when moving batteries from position #1 to position
#2 and position #3. Only one actuator is actuated at a time.

Figures 4.13—4.14 depicts the velocity measured in experiments. We can observe an obvious
difference by comparing these two figures to Fig. 4.10. With the same actuation pattern, the
velocities with batteries in positions #2 and #3 are greatly reduced from that in position #1. These
results indicate that the weight distribution of components has a significant impact on soft robot
locomotion and must be considered when designing the soft robot body and placing the actuators.

The power consumption in positions #2 and #3 is similar to that in position #1 (Fig. 4.11), because

the electrical circuits work similarly regardless of the weight distribution, albeit with different
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mechanical responses and locomotion. Actuation efficiency can be computed in the same way.
Due to a generally lower speed at positions #2 and #3, the efficiencies are also lower than those at

position #1 (Fig. 4.12).
4.5.3 Velocity and Efficiency when Driving Two Actuators

In this section, we compare the data obtained in simulation and experiments when driving two
actuators together. The batteries are at position #1 for all data presented. To ensure periodic
steady-state operation, both actuators are actuated at the same frequency. We sweep the operating
frequency together with the phase between the two actuators and the duty ratio of each actuator,
and compare the locomotion results of simulations and experiments.

Figure 4.15 shows that in both simulation and experiments, the peak positive and negative
velocity usually is reached at mid-range frequencies (14 Hz to 18 Hz), and that more noise is
observed at higher and lower frequencies. The data are drawn with respect to the left- and right-
actuator duty ratios at a fixed frequency and phase. In the following paragraphs, we call this a
frequency-phase combination. As presented in [53], the piezoelectric soft robot is best operated
close to the resonant frequency of the actuators. In general, driving the actuators at mid-range
frequencies, low phase difference, high left-actuator and low right-actuator duty ratios leads to high
velocity toward the left. Driving the actuators at mid-range frequencies, high phase difference, low
left-actuator and high right-actuator duty ratios leads to high velocity toward the right. SFERS and
experiments agree well on these characteristics. No clear trends are observed at lower or higher
frequencies, for example in the third row of Fig. 4.15.

The power consumption of a two-actuator eViper is generally proportional to the summation
of their duty ratios. The actuation efficiency can be derived with the same approach. When the
robot moves left, the maximum efficiency is 9.5 cm/s/W, obtained at 16 Hz, 72° phase, 60% left
duty ratio, and 30% right duty ratio. When the robot moves right, the maximum efficiency is
6.6 cm/s/W, which is achieved at 14 Hz, 324° phase, 20% left duty ratio, and 60% right duty ratio.

Figure 4.16 shows the motion of the robot operating at the two operation points.
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Figure 4.15: Simulated (left) and measured (right) soft robot velocity when both actuators are activated. The two
actuators are driven at the same frequency f and a specific phase @1z, as shown in the title of each graph, but at
different duty ratios. Batteries at position #1.
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Figure 4.16: (a) eViper reaches 2.9 cm/s when operated at the maximum efficiency point of positive velocity. (b)
eViper reaches -1.8 cm/s when operated at the maximum efficiency point of negative velocity.

4.5.4 Simulation Error Analysis

Root-mean-square error (RMSE) and Pearson Correlation Coefficient (PCC) are used to compare
the simulation and experimental results at each frequency-phase combination. They are visualized
as 2-D heat maps in Fig. 4.17. RMSE describes the absolute error between the simulated and
measured velocity. PCC represents the correlation as a means of quantifying the similarity in shape
of the velocity contour between simulation and measurement. RMSE and PCC jointly quantifies

the applicability and limitations of SFERS. The RMSE is defined as:

RMSE = | =) (X; = Y;)2. (4.1)

The PCC is defined as:

PCC = Zi]il(Xi - X)(Y;-Y)

JEL X -, (v - 7))

(4.2)

where 7 is the index of the data, NV is the total amount of data in each frequency-phase combination,
X; and Y, are the value of the simulation and experimental data at a specific index, and X and Y are

the average values of the simulation and experimental results in a frequency-phase combination.
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Figure 4.17: The root-mean-square error (RMSE) and Pearson Correlation Coefficient (PCC) of the simulated and
measured velocity as a function of operating frequency and phase (for two-actuator operation).
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Figure 4.18: (a) Histogram of the root mean square error (RMSE) shown in Fig. 4.17. (b) Percentage error of the
absolute velocity. The model is less accurate when the robot is moving slow (slower than 2 cm/s) and more accurate
when the robot is moving fast (faster than 2 cm/s).

The result is presented in Fig. 4.17. For example, comparing the data in the top row of Fig. 4.15
results in an RMSE of 0.59 cm/s and a correlation coefficient of 0.8. The RMSE graph tells us
that the errors at mid-range frequencies are relatively high. This could result from the fact that the
velocities at mid-range frequencies have a larger absolute value, or it could also come from the
simulation errors discussed in Section 4.4. At the right half of Fig. 4.17, there is a “ring-shaped”
region in the middle of the graph where the PCCs are larger than 0.5, and the values at the corners
and the center of the ring are less satisfactory. Figure 4.18(a) shows the histogram of the RMSE.
RMSE:s are generally below 0.8 cm/s. Figure 4.18(b) says that the model is less accurate when the
robot is moving slow (slower than 2 cm/s) and more accurate when the robot is moving fast (faster

than 2 cm/s).
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4.6 Chapter Summary

This chapter examined the design, modeling, and locomotion behavior of the two-actuator eViper
system. The mechanical and electrical implementation were first introduced, followed by an explo-
ration of the robot’s basic operation principles. To simulate soft robotic structure in a physics engine,
the SFERS simulation framework was developed. The robot’s locomotion velocity and power-
to-velocity efficiency were compared across different driving conditions. Finally, discrepancies

between simulation and experimental measurements were statistically analyzed.
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This chapter is based on work published in the following paper or currently under review:

* H. Cheng, E. Veilleux, Z. Zheng, S. Wagner, N. Verma, J. C. Sturm and M. Chen, "eViper-
2D: A Thin Large-Area Soft Robotics Platform,” 2025 IEEE International Conference on

Robotics and Automation (ICRA), Atlanta, GA, USA, 2025.

* H. Cheng, Z. Zheng, E. Veilleux, S. Wagner, N. Verma, J. C. Sturm and M. Chen, “eViper:
A Scalable Untethered End-to-End 2D Soft Robotics Research Platform with Data Driven

Modeling and Control,” IEEE Transactions on Robotics (T-RO) (Under Review).

5.1 Chapter Introduction

Soft robots are a promising approach for intelligent mechanical structures to interact with humans
and the environment. Their deformable nature and high adaptability present unique advantages in
unstructured settings [ 16, 54-56]. These capabilities make them particularly attractive for appli-
cations such as biomedical devices, search-and-rescue missions, and assistive technologies. Soft
robots are often inspired by animals, as illustrated in Fig. 5.1. Previous research has demonstrated
prototypes capable of motion on land [8—12, 57], in the water [1 3, 14], and in the air [ 15, 5&].

Soft robots with 1D body structures have been extensively studied [20, 53, 57, 59]. Extending
soft robot structures from 1D to 2D opens new opportunities and challenges. 2D soft robots offer
unique strengths in (1) the potential for low-cost large-area fabrication and integration, leverag-
ing large-area semiconductor technologies [60, 61]; (2) their versatile locomotion capabilities in
complex environments [62].

Leveraging the scalable architecture of our soft robot design, this chapter focuses on presenting a
complete 2D eViper platform which was expanded into a four-actuator configuration by placing the
actuators in a 2D array. Each actuator operates independently, providing a high-degree-of-freedom
control for the soft robot. By applying different electrical driving signals, the robot can move
forward, backward, and rotate in both directions, achieving unrestricted untethered locomotion on
a 2D surface. The robot is battery powered, can be controlled wirelessly, and can be made water-

resistant to perform amphibious locomotion.
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Figure 5.1: Inspired by natural creatures with varied body structures, eViper can perform both 1D and 2D actuation
patterns and achieve agile locomotion. Compared to the previous 1D eViper, the 2D prototype exhibits greater control
complexity and is capable of crawling, rotating, and swimming.

The eViper platform provides valuable insight into the modeling and design of the electrical
and mechanical systems, motion dynamics, and data-driven control. Section 5.2 introduces the
mechanical construction of the four-actuator eViper. Section 5.3 explains the robot’s two basic
operation modes. Section 5.4 investigates its basic locomotion behavior. Section 5.5 explores
methods to calibrate the robot’s inherent asymmetry and decouple linear and rotational motion.
Section 5.6 presents the automated data acquisition framework, and a series of experiments for
analyzing eViper’s velocity variability, data-driven model, feedback control framework, and power-

to-velocity conversion efficiency. In Section 5.7, the amphibious eViper is introduced and its
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performance across driving waveforms and operating frequencies are recorded. Section 5.8 studies
the cost of transport (COT) of eViper and compare it across multiple untethered soft robotic systems.

Finally, Section 5.9 summarizes this chapter.

5.2 Hardware Implementation

The example 2D eViper platform has a multilayer mechanical structure as shown in Fig. 5.2(a).
It is 265 mm long, 75 mm wide, and weighs 67.3 g. Components required for different func-
tionalities are distributed across separate layers to enable scalable and flexible manufacturing and
assembly, with their weight distribution shown in Fig. 5.2(b). The piezoelectric actuators are
commercial Macro Fiber Composite units (MFC) from Smart Material Corporation [33], each
measuring 100x20x0.3 mm (lengthxwidth xthickness). Four MFC actuators are bonded to a
single steel sheet cut in an “H” pattern. Eight strain sensors are attached to the upper side of the
steel sheet to monitor the physical behavior and enable future feedback control. The strain sensor
connectors feed the signals to the analog-to-digital converter (ADC) of the microcontroller unit
(MCU). A customized 4-layer flexible printed circuit board (PCB) sits on the steel sheet and drives
the actuators. The combined thickness of the actuators, steel sheet, and the PCB is less than 1 mm.

Fig. 5.2(c) illustrates the basic operating principle of a single steel-bonded piezoelectric actuator.
The Young’s modulus is 30 GPa for the actuator and 190 GPa for the steel sheet. When high
voltage is applied to an actuator, it tries to contract, but it bends concave downward instead due
to the higher compressive stiffness of the steel sheet. When discharged, the actuator returns to its
original configuration.

As shown in Figs. 5.2(d) and 5.2(f), both the steel sheet and the PCB are configured in an “H”
shape, with the microcontroller sitting in the middle interconnection. Seven 3D-printed plastic
feet are attached to the bottom of the robot. They prevent the actuators and associated electrical
connections from making direct contact with the ground during actuation. These feet have spherical
tips to ensure uniform contact between the robot and the ground during operation.

There are two infrared-reflective markers and an infrared light-emitting diode (LED) on the
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Table 5.1: Notations and Definitions for Locomotion Analysis

Notation Definition
Al, A2, A3, A4 Actuator #1, #2, #3, or #4 as shown in Figs. 5.3 and 5.4(b).
CW, CCW Clockwise (CW) or counterclockwise (CCW) rotation.
f Driving frequency of all actuators.
T Period of the driving waveform. 7' = 1/ f.
Phase between the driving waveforms of A1 and A2. Phase,
012 when expressed as a percentage, is the fraction of a period T’

between the rising edges of the two signals.

Duty ratio of A1’s driving signal. Duty ratio, when expressed
D, as a percentage, is the fraction of a period 7" that a signal
remains at the high level.

D 3 Duty ratio of Al and A3’s driving signals.
Vg Linear velocity along the x axis. Positive rightward.
Uy Linear velocity along the y axis. Positive upward.
w Angular velocity. Positive counterclockwise.

prototype for high-speed motion tracking. To ensure electrical safety, the steel sheet is connected to
the electrical ground of the PCB, and, if necessary, the PCB can be insulated with Kapton tape [ 12].

The power source consists of two 3.7 V, 100 mAh lithium polymer batteries connected in series,
providing a 7.4 V input to the electrical system. Two 2.2 mF electrolytic capacitors help buffer
the voltage buses on the robot. The average power rating of the robot is about 2 W (including the
MCU). The batteries last for about 20 minutes. Fig. 5.2(g) shows the schematic of the onboard
power converter introduced in Chapter 3. Other driving strategies [45, 63, 64] can be adopted to
further improve the energy efficiency of the electrical system. The onboard MCU communicates
with a PC through Bluetooth, and it regulates the converters to drive the actuators with various

electrical signals. A current sensor measures the current (and power) consumption of eViper.

5.3 Operating Principles of the Prototype

Each actuator in eViper can be operated independently, offering a very high-degree-of-freedom
control. For simplicity, this section focuses on two distinct modes of operation: the “linear” mode

and the “rotational” mode. Additional behaviors and exceptions are discussed in later sections.
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Figure 5.3: The operating principles of the “linear” and “rotational” mode. The MCU sends the same electrical signal
to drive the actuators marked with the same color. Two distinct electrical signals are required to drive the two different
pairs of actuators. An example is provided in Fig. 5.4.
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Figure 5.4: (a) An example showing the two actuator driving signals in the “linear” mode with specific frequency (f),
phase (¢12), and duty ratio (Dq 3 and D3 4). (b) The definition of linear velocities (v, and v,) and angular velocity
(w), and the number assignment of the actuators. In (a), the upper waveform, Signal; 3, is sent to A1 and A3 while the
lower waveform, Signals 4, is sent to A2 and A4.

Table 5.1 summarizes the notations used to analyze eViper’s driving waveforms and locomotion.
Fig. 5.3 illustrates the basic cases where only one pair of actuators is active while the other pair is
idle. In the “linear” mode, actuators A1 and A3 receive the same electrical driving signal from the
MCU, and the same applies to A2 and A4. The robot principally moves forward or backward along
its longitudinal axis. Non-ideal rotation can occur due to the actuator asymmetry and characteristic
variation. On the other hand, in the “rotational” mode, A1 and A4 operate in phase, as do A2 and
A3. The robot rotates clockwise (CW) or counterclockwise (CCW) in this mode. The center of
mass of eViper exhibits slight displacement due to a small radius of rotation. The onboard power

electronics can drive the prototype with various high-voltage square waves. Fig. 5.4 shows an

example of driving waveforms with frequency, phase, and duty ratio as control variables.
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Figure 5.5: The experimental setup for basic motion analysis. The setup can be used to understand the mechanisms of
linear and rotational motion since the markers exhibit horizontal displacement in both cases (refer to Fig. 5.6).

5.4 Basic Robot Motion

Fig. 5.5 shows the experimental setup for recording the soft robot motion through a slow-motion
camera. Four ArUco markers are placed from left to right: at the left edge, left foot, right foot,
and right edge of the robot. The locomotion is recorded by the camera (240 frame/s) and analyzed
using the OpenCV software library in Python. One pair of actuators is activated at a time while
the other remains idle. This results in the four different cases shown in Fig. 5.6(b). The blue line
depicts the z-axis position of the marker, labeled in Fig. 5.6(a), on an active actuator. The periodic
waveform represents the regular bending behavior. The orange line shows the z-axis position of the
marker on an idle actuator. It shows how the idle actuator moves along the x-axis. The purpose of
these figures is to show how the idle actuators are passively “dragged” by the recurrent bending and
relaxation behavior of the active ones. Overall, the robot moves in a stepwise manner corresponding
to the actuation cycle of the active actuators. The prototype reaches a new local extreme point, in
terms of the x-axis position, when the active actuators bend concave down (step 2 in Fig. 5.7). The
exception is clockwise rotation, during which the robot reaches a local minimum z-axis position
as the active actuators relax.

Fig. 5.6 illustrates that leftward motion results from driving A1 and A3, and rightward motion
results from driving A2 and A4. Driving A2 and A3 produces clockwise rotation, and driving A1l
and A4 produces counterclockwise rotation. These four cases exhibit a consistent characteristic:
the active actuators generate an outward thrust, thereby developing a lateral force in the “linear”

mode and a torque in the “rotational” mode. Fig. 5.7 presents a qualitative understanding of the
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Figure 5.6: (a) The experimental setup. The reference z-, y-, and z-axes and labels assigned to the four ArUco markers
are shown. (b) Motion analysis results of the four basic motion types. In each figure, the blue line represents the z
position of the marker that sits on an active actuator, exhibiting periodic behavior corresponding to the actuator bending
cycles. In contrast, the orange line illustrates the = position of the marker that sits on an idle actuator. It moves in the
positive or negative x direction based on how the robot is driven. The orange line demonstrates a step-like behavior
which synchronizes with the actuation cycle of the active actuators. The active actuators are driven at 15 Hz, no phase
shift, and 50% duty ratio in all cases.
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1. Initial state.

2. Left actuators contract
and pull robot leftward.

3. Left feet fall to
the ground.

4. Back to the
initial state.

Figure 5.7: Observation of leftward linear motion when only driving the two left actuators (actuators #1 and #3). 1.
Initial state. 2. The actuators bend in response to a square wave excitation. The middle part of the actuators shoots
up and raises the left feet into the air. The upward momentum reduces the normal force and friction between the robot
and the ground, and the actuator contraction pulls the right half of the soft robot body leftward. 3. The left feet fall to
the ground due to gravity. 4. The actuators are discharged. The right half of the robot stays in the new position due to
a higher friction with the ground (no upward momentum to reduce normal force).

motion mechanism based on observations from slow-motion videos.

The prototype is designed to be symmetric. However, the four orange traces in Fig. 5.6 show
different characteristics. The trace corresponding to leftward linear motion is generally step-like,
whereas the trace for rightward motion is more spiky. Combined with the previously mentioned
fact that clockwise rotation exhibits different locomotion behavior from the other three cases, it is
evident that the four actuators have different dynamic responses even when driven by the same
electrical signal, leading to asymmetries. In addition to the factors introduced in Section 2.6,
nonuniform flexibility and weight distribution across the PCB could also contribute to these non-
ideal effects.

These factors lead to non-ideal drift or rotation during locomotion of eViper, motivating the
development of data-driven modeling and feedback control that will be discussed in Section 5.6.
In the following sections, the robot’s motion on a 2D plane is decomposed into three components:
linear velocity along the z-axis (v,), linear velocity along the y-axis (v,), and angular velocity
(w). Their reference axes are labeled in Fig. 5.4(b). In the context of linear motion, v, and w are

considered results of non-ideal drift, as the robot is primarily designed to move along the z-axis.

When eViper rotates, small values of v, and v, also occur due to drift.
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Figure 5.8: Frequency sweep results for four actuation patterns that produce bidirectional linear motion and rotation.
The corresponding v, and w are plotted, with the yellow shaded areas indicating the desired ranges of operating
frequency. For linear motion, the desired frequency range is characterized by high |v,| and low |w|. For rotation,
low |v,| and high |w| are preferred. To mitigate non-ideal drift in the system, the driving waveforms are fine-tuned
and do not strictly follow the “linear” and “rotational” mode conventions introduced in Section 5.3.

5.5 Empirical Locomotion Control

When all four actuators of eViper are active, or when the robot is operated at higher frequencies, its
dynamics become more complex, and the effects of non-ideal drift are more pronounced. Despite
these challenges, this section presents multiple experimental results to demonstrate that the robot
can be controlled to exhibit desired behaviors by selecting appropriate electrical driving parame-
ters. Fig. 5.8 shows examples of leftward and rightward linear motion, as well as clockwise and
counterclockwise rotation. In each example, the operating frequency is swept from 6 Hz to 50 Hz

with a step size of 2 Hz, while the phase and duty ratio are fixed. The resulting linear velocity (v,.)
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Figure 5.9: Comparison of eViper performance before and after the introduction of phase shift calibration. (a) Driving
Al and A3 at 22Hz. (b) Driving A2 and A4 at 22 Hz. In each case, the linear velocity (v, ) and the angular velocity
(w) are plotted.
and angular velocity (w) are plotted. For leftward linear motion, the prototype achieves high |v,|
and negligible |w| from 22 to 34 Hz, indicating ideal behavior. The same is observed between 24
and 32 Hz for rightward motion. In the case of clockwise rotation, |w| is high and |v, | remains low
from 26 to 34 Hz, while ideal counterclockwise rotation occurs when the operating frequency is
above 34 Hz. These results demonstrate the robot’s ability to perform controllable, bidirectional
linear motion and rotation despite facing internal asymmetries. eViper can reach any position on a
2D plane by combining the four actuation patterns described above.

Fine-tuning the phase shift between actuators is an effective method for calibrating linear-mode
driving patterns with noticeable non-ideal rotation. Fig. 5.9(a) compares the scenarios where Al
and A3 are driven at 22 Hz with different phase shifts between them. ¢35 = 0% represents the

base case, while ¢35 = 90% represents the calibrated case. The angular speed (|w|) is lower in the
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Linear Mode: f = 25 Hz, ¢4, =10%, D, ; = 80%, D, , = 80%
t=0s t=0s
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(a)
Linear Mode: f = 23 Hz, ¢4, = 70%, D4 3 = 30%, D, 4 = 50%

t=0s
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(b)

Figure 5.10: The locomotion of the prototype before (first and third columns) and after (second and fourth columns)
introducing phase shift for the calibration of structural and actuation asymmetry. The prototype demonstrates linear
motion and minimal rotation after applying the phase shift. When the phase shift was applied, actuator A3 lagged Al,
and actuator A4 lagged A2.
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presence of a phase shift for the majority of the operating duty ratio. The profiles of linear velocity
are similar between the two cases, indicating that introducing a phase shift improves linearity in
the robot’s motion. Similarly, in Fig. 5.9(b), when A2 and A4 are driven at 22 Hz without a phase
shift, greater rotation is observed at higher duty ratios. Adding a phase shift reduces the rotation
in that region and increases the overall linear velocity. These results demonstrate that phase shift
calibration is an effective strategy for enhancing linear motion performance, motivating model-
based or data-driven feedback control.

Introducing a phase shift can also modulate the robot’s locomotion when all four actuators are
active. Fig. 5.10 shows two scenarios. In both cases, the robot exhibits rotation when operated in
linear mode. After applying a phase shift to the actuators, the robot moves primarily in a linear
fashion. This indicates that phase shifting can mitigate the effects of asymmetries on the robot’s
locomotion. The optimal phase shift depends on the driving parameters and the aging effects of
actuators. Therefore, active sensing and feedback control are necessary for practical deployment

of eViper.

5.6 Data-Driven Methods and Results

In this section, eViper was driven in either the “linear” mode or the “rotational” mode outlined in
Section 5.3, Fig. 5.3, and Fig. 5.4. In the linear mode, A1 and A3 operate in phase and have the
same duty ratio, and the same applies to A2 and A4. In the rotational mode, A1 and A4 operate in

phase and have the same duty ratio, as do A2 and A3.

5.6.1 Velocity Response under Parameter Sweep

To examine eViper’s velocity response under similar but distinct sets of electrical driving param-
eters, a parameter sweep was conducted for both linear and rotational motions, as illustrated in
Fig. 5.11. Each set of driving parameters consisted of four variables (f, ¢12, D1, and D5). Only
one parameter was swept at a time, while the other three were held constant. The frequency was
swept from 6 Hz to 50 Hz, with a step size of 2 Hz. The phase and duty ratios were varied from 0%

to 90%, each with a step size of 10%. The linear velocity v,. and angular velocity w were plotted for
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Figure 5.11: Results of parameter sweep for (a) a rightward linear motion and (b) a counterclockwise (CCW) rotation.
The linear velocity v, and angular velocity w are plotted, with the color bar indicating the swept parameter. The paths
shown in the figures illustrate the robot’s behavior as the swept parameter increases from lower to higher values. No
clear pattern can be observed in the results, suggesting that the dynamics of eViper are complex.
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each result. The color bar in each graph represents the parameter being swept. The parameters used
in Fig. 5.11(a) originally produced rightward linear motion (positive v,.); however, many leftward
motions (negative v, ) were observed during the sweep. Similarly, the parameters in Fig. 5.11(b)
initially generated a counterclockwise rotation, but the robot exhibited clockwise rotations at certain
sets of driving parameters. These results suggest that the robot’s motion dynamics are highly
nonlinear and complex, motivating the application of data-driven methods to analyze and model

eViper’s behavior.
5.6.2 Automated Data Acquisition

To better understand the complex motion of eViper, the robot was driven with a wide variety of
driving signals, whose waveform parameters were randomly generated, and the resulting linear and
angular velocities were recorded. The procedure for automated data acquisition is as follows: (1)
determine the robot’s operating mode (“linear”” mode or “rotational” mode); (2) the microcontroller
randomly generates driving parameters (frequency, phase, and duty ratio); (3) the microcontroller
and power electronics drive the prototype for three seconds; (4) the robot idles for three seconds;
and (5) revisit step 2 if there is no user-triggered stop signal.

The randomly generated frequencies ranged from 6 Hz to 50 Hz, with a step size of 1 Hz. The
phase and duty ratios ranged from 0% to 90%, each with a step size of 10%. In each set of
driving parameters, the operating frequency was the same across all four actuators. The robot
was operated on a smooth acrylic board during data collection unless otherwise stated. The robot
also functioned on smooth surfaces of different textures, such as foam sheets, cotton cloths, and
engineered hardwood, and the velocity responses varied due to differences in surface friction.
Further research is required to assess the robot’s adaptability to rugged environments.

A Vicon Vantage V16 motion-capturing camera system was utilized to record the robot’s motion.
The system takes infrared light at 850 nm as input and requires at least three infrared markers to be
installed on the object for tracking. There are two passive infrared-reflective markers and one active
infrared LED on the robot. The LED serves as the third infrared marker. It only turns on during

step 3 of the above procedure, which serves the purpose of synchronizing the camera system with
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(c)

Figure 5.12: The surface partitions of (a) transparent acrylic board, (b) black foam sheet, and (¢) sandpaper with a grit
size of 2500, for the velocity variability measurements.

the robot. An onboard current sensor measures the current and power consumption of the robot. A
total of 3500 data points were recorded with the motion capturing camera and the current sensor.

Each data point includes linear velocities v, and v,, angular velocity w, and power consumption.
5.6.3 Velocity Variability Due to Surface Condition

This section aims to characterize the noise in the measured velocity data and to investigate the
robot’s behavioral response on a tilted surface. eViper’s locomotion relies on the friction between
its feet and the ground, and it is also influenced by vibrations and jumping motions generated by
actuator dynamics. Nonuniform surface conditions may introduce noise into the system, leading to
unpredictability in the prototype’s linear and angular velocities. This surface-dependent behavior
causes eViper to exhibit different velocities across various materials, motivating the following
comparative analysis.

Experiments were conducted to evaluate eViper’s velocity variability by driving it on three
different materials: transparent acrylic boards, black foam sheets, and sandpaper with a grit size
of 2500. During the automated data acquisition process described earlier, the acrylic board was
considered to be an ideal surface, and the robot was allowed to move freely across the entire board
area (i.e., it did not start from the same location for each actuation pattern). To better simulate
the inherent noise in the actual data collection process, each of the three surface materials was

partitioned into six regions, labeled R1 through R6, as shown in Figs. 5.12(a) to 5.12(c). The robot
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Figure 5.13: The velocity variability measurement results. (a) to (d) show results for four different actuation patterns
across multiple trials. The left column shows the trials conducted per actuation pattern on each material. The right
column presents the mean robot speed (|v,| or |w|) and the corresponding standard deviation. The standard deviation
represents the noise in the measured speeds.
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was driven with the same actuation pattern three times consecutively in each region, resulting in a
total of eighteen trials per pattern on each material. Figs. 5.13(a) to 5.13(d) present the experimental
results. The left column displays the measured speed (|v,| or |w|) of each trial, while the right
column shows the mean and standard deviation of those data. The standard deviation is used as a
measure of noise intensity.

Fig. 5.13 illustrates that e Viper exhibits different mean speeds and standard deviations depending
on the surface material. These results indicate that the robot is highly sensitive to variations in
surface contact — and therefore friction — between its feet and the ground. Rows (a) and (b)
compare two linear motions with identical actuation parameters except for the driving frequency.
The comparison reveals the frequency sensitivity of eViper’s locomotion.

The performance of eViper on a tilted surface was also measured by using the same actuation
patterns and materials, as depicted in Fig. 5.14. The tilt angle ranged from 1° to 5°, and three trials
were conducted at each angle. For the two linear motions, the robot moved leftward on a flat surface.
On the tilted surface, the left end was elevated, meaning that the slope opposed the robot’s leftward
motion. As the tilt angle increased, the robot’s leftward velocity gradually decreased. On some
materials, the velocity became negative at larger tilt angles, indicating that the robot slid downhill.
Clockwise and counterclockwise rotations were also tested, but no clear relationship was observed
between the robot’s angular velocity and the surface angle.

It is difficult to quantify the velocity variability across the entire dataset, or to determine which
surface is most suitable for eViper’s operation, since the robot’s friction sensitivity, slope sensitivity,
and noise level vary for each set of actuation parameters. Nevertheless, the collected data provide
valuable insights into eViper’s velocity variability and serve as a useful reference for understanding
its response to diverse environments and driving parameters. The measured noise levels also
highlight a fundamental limitation in the system’s predictability when using data-driven models

under uncontrolled surface conditions.
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Figure 5.14: Characterization of velocity variability on a tilted surface. (a) Experimental setup. A height-adjustable
stand was used to adjust the tilt angle of the surface. The tilt angle shown in the image is exaggerated for demonstration
purposes. The foam sheet and sandpaper were laid on the acrylic board during testing. (b) Experimental results. Three
trials were conducted for each tilt angle. The robot’s linear motions were significantly affected by the slope, with
negative velocities indicating that the robot slid downhill at larger tilt angles. The relationship between eViper’s angular
velocity and the surface angle was weak. Note: the robot moved leftward on a flat surface for both linear motions. In
this figure, leftward velocities are plotted as positive for clarity and readability.
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5.6.4 Data-Driven Models and Operating Regions

The prototype’s motion dynamics are nonlinear and complex when all four actuators are active.
One approach to analyzing this complexity is through neural networks. Considering the amount
of available training data, a small neural network was adopted in this work. A smaller model
requires less data to generalize and is less prone to overfitting. Developing differentiable models
also presents opportunities for future investigation into advanced control strategies for eViper.
With the 3500 collected data points, two independent feedforward neural network models were
created to predict v, v,, and w in the “linear” and “rotational” modes based on the robot’s operating

frequency, phase, and duty ratio. The structure of these models is presented in Fig. 5.15. A key

Input Layer Hidden Layers Output Layer
4 Neurons 10 Neurons Each 3 Neurons

Figure 5.15: Structure of a feed-forward neural network model for eViper. Each model has 4 input parameters, 3 output
parameters, and 2 hidden layers. The model contains 193 parameters.
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Figure 5.16: (a) Histogram showing the nonuniform distribution of v, in the linear mode dataset. The distribution of
w in the rotational mode dataset is similar. (b) The weight function that is applied to each data point during the training
process of the two models. The weight is applied according to the normalized velocity and has a lower limit of 0.1.
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challenge in training the models is the severe imbalance in velocity distribution within the dataset.
Fig. 5.16(a) shows the distribution of v,, in the linear mode dataset. Because the driving parameters
were randomly generated for each data point, more than 80% of the collected data lack meaningful
linear motion as they have a |v,| < 10 mm/s. High-velocity data points are scarce. The objective of
training the model is to identify sets of driving parameters that result in high-velocity locomotion.
However, the imbalance of the dataset makes this task even more challenging.

To improve the model’s ability to learn which sets of driving parameters lead to high-velocity
linear locomotion, a weight function was applied to each data point during training, as depicted
in Fig. 5.16(b). The weight was assigned based on the normalized velocity of each data point,
with a lower bound of 0.1. The normalized velocity was computed as follows: since the robot
exhibits asymmetric locomotion capabilities in the positive and negative v, directions, the most
positive velocity, v, ma., and the most negative velocity, v, i, were identified. If v, > 0 for a
given data point, the normalized velocity was calculated as v, /vy ;4.5 Otherwise, it was computed
as Uy Vg min. This approach ensures that the data points with high velocities in both directions
are weighted equally. The same weighting strategy was applied when training the rotational mode
model, except that the weight was computed based on w rather than v,.

Models trained with and without the weight function were evaluated using 5-fold cross-validation,
and the average prediction root mean square errors (RMSEs) are reported in Tables 5.2 and 5.3.
The results indicate that weighted models generalize better on high-velocity data points but exhibit
higher error when evaluated across the full dataset. This generally suggests that the weighted
models learned more information from the high-velocity samples, while the unweighted models
captured features from the majority of low-velocity data points. Since the goal is to improve the
generalization on high-velocity data points, the chosen weight function is considered effective.

Note that v, and w in the linear mode dataset, and v, and v,, in the rotational mode dataset, result
from non-ideal drift. Therefore, they are not the focus of optimization.

The neural network models can help analyze which sets of “linear” driving parameters lead

to high |v,|, and which sets of “rotational” driving parameters produce high |w|. The measured
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Table 5.2: Comparison of model performance in linear mode dataset

RMSE for Data Points With |v,| > 15 mm/s
v, (mm/s) | v, (mm/s) w (°/s)
With Weight 9.6 5.1 4.8
Without Weight 11.7 4.6 4.5
RMSE for All Data Points
v, (mm/s) | v, (mm/s) w (°/s)
With Weight 6.3 4.6 4.6
Without Weight 5.6 4.4 43

Table 5.3: Comparison of model performance in rotational mode dataset

RMSE for Data Points With |w| > 15 °/s
vy (mm/s) | v, (mm/s) w (°/s)
With Weight 6.1 54 7.7
Without Weight 6.4 59 8.9
RMSE for All Data Points
vy (mm/s) | v, (mm/s) w (°/s)
With Weight 5.8 5.4 7.0
Without Weight 5.2 5.0 6.0

velocities, model predicted velocities, and absolute prediction errors are visualized in Fig. 5.17.
Due to the high-dimensional nature of the variable space (f, ¢12, D1, Do, and either v, or w), the
frequency f and duty ratio D, are omitted in the figure. The models can identify the regions of
control parameters which lead to high |v,| and |w|, but the exact extreme velocities need to be
experimentally determined. As illustrated in Fig. 5.18, the robot reaches 36 mm/s in the leftward
(—) direction (predicted as 29 mm/s), and 26 mm/s in the rightward (+x) direction (predicted as
15 mm/s). The robot can rotate clockwise at 29°/s (predicted as 21°/s) and counterclockwise at
37°/s (predicted as 25°/s).

As reported in Table 5.2, Table 5.3, and Fig. 5.18, the average model prediction error is relatively

high. Possible sources of error include:

1. Intrinsic electromechanical variations, asymmetries, and time-dependent degradation in the

piezoelectric actuators and robotic structure.
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Figure 5.18: Bidirectional linear motion and rotation of the prototype. It achieves a leftward velocity of 36 mm/s and
a rightward velocity of 26 mm/s. It can perform clockwise rotation at 29 °/s and counterclockwise rotation at 37 °/s.

2. Variations in the external measurement environment (i.e., nonuniform ground surface).

3. Limitations of the proposed neural network architecture in capturing the nonlinear system

dynamics across a wide range of operating conditions.

The combined effect of these factors hinders accurate modeling of eViper’s locomotion velocities,

necessitating the development of feedback control to precisely regulate the robot’s behavior.
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5.6.5 Feedback Control and Path Tracking

Due to the limitations outlined above, it is difficult to analytically characterize the relationship
between the driving parameters and the robot’s velocities. To achieve precise control of the lo-
comotion behavior, feedback control is necessary. A closed-loop feedback control system was
constructed based on the OpenCV library in Python, and it instructs the robot to perform a path-
tracking task. Fig. 5.19 presents the experimental setup and results. A letter “P” was laid out on a
tabletop using black vinyl tape. ArUco markers were placed at each turning point of the “P” path,
and an additional marker was attached at the center of the robot. An external camera monitored the
markers’ locations. A laptop processed the camera images and remotely sent actuation commands
to the prototype to guide it through the path. The prototype was untethered throughout the path-
tracking task.

A lookup table was created based on the actuation parameters shown in Fig. 5.18. The feedback
controller determined if the robot should adjust its orientation or move linearly based on the current
robot position. The duration of each operation was determined by the position and orientation
errors, and vision sensing was activated at the end of each operation to provide information for the
next action. Given the practical limitations of achieving zero tracking error, a tolerance of 4 cm
is specified. The tracking accuracy, defined as the distance between the marker on the robot and
the markers on the path, remained within this 4-cm threshold. Sensing hardware can be further
optimized to accelerate image processing. The results in Fig. 5.19 confirm eViper’s ability to

navigate its environment using vision-based closed loop control.
5.6.6 Power Consumption and Energy Efficiency

As described in Section 5.6.2, the collected dataset includes eViper’s average power consumption
for each set of driving parameters. Dividing the values of |v,| and |w| of each data point by their
corresponding power consumption yields the linear and rotational power efficiencies, as depicted
in Fig. 5.20. The results indicate that operating eViper in the range of 18 to 25 Hz achieves the

highest energy efficiency.
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Figure 5.19: (a) Block diagram of the vision-based feedback control framework. The feedback controller instructs the
robot on the operating mode and duration based on its position error relative to the predetermined path. (b) Illustration of
the feedback control platform for path-tracking task. The “P”-shaped desired path for the robot was created by applying
black vinyl tape to a table. (c) The experimental setup and the process of the untethered path-tracking operation.
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Figure 5.20: Illustration of the (a) power consumption, (b) linear power efficiency, and (c) rotational power efficiency
with respect to frequency and duty ratio. The vertical axis shows the sum of duty ratios across the four power modules
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data points that are located in the same square, only the maximum measured data is drawn. (b) and (c) consider only
|vg| and |w], respectively.
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A piezoelectric actuator is primarily considered a capacitive load. Therefore, increasing the
driving frequency requires the circuit to charge and discharge the actuator more times per second,
leading to an increase in power consumption. Capacitive energy in piezoelectric actuators can
be recycled to improve energy efficiency, as proposed in previous literature [63]. The duty ratio
also affects the power consumption because there is a resistive element in the power circuit for
voltage regulation. Fig. 5.20(a) verifies that the power consumption has positive correlation with
both frequency and duty ratio, with frequency being the dominant factor. Figs. 5.20(b) and 5.20(c)
demonstrate the linear and rotational power efficiencies with respect to the operating frequency and
duty ratio. The robot is most efficient between 18 and 25 Hz. The efficiency at lower frequencies
is reduced because the robot barely moves at those operating points. The efficiency at higher

frequencies is also lower due to increased power consumption and reduced velocity.

5.7 Amphibious Operation of eViper

To highlight the versatility of the eViper platform, an amphibious untethered prototype was devel-
oped by enclosing the robot in a heat-sealed polyethylene insulation layer. The platform’s large sur-
face area and lightweight structure allow it to float on water. The same 3D-printed feet are attached
outside the enclosure, enabling the robot to also operate on land. Images of the prototype are shown
in Figs. 5.21(a) to 5.21(c). The PCB was re-designed to integrate the Bluetooth microcontroller
(ESP32-WROOM-32D, Espressif Systems) directly, eliminating the breakout board. A power
management integrated circuit (LTC4079, Analog Devices) was also included to handle battery
charging without removing the waterproof layer. The prototype’s operation, both on land and on
the surface of water, is illustrated in Figs. 5.21(d) and 5.21(e). Fig. 5.21(f) presents composite
images that display the transition from land to water.

The prototype was driven on the water surface under multiple driving waveforms and frequencies.
Figure 5.22 shows the measured linear and rotational velocities. A general trend is that square-
wave excitation yields the highest velocities, whereas triangular-wave excitation yields the lowest.

The data points peak around 20 Hz, indicating a resonant behavior of the robot structure. Overall,

103



“JUSWIUOIIAUD d1jenbe ue 03 (9[13 9[qIeW YIOOWS &) JUSWIUOIIAUD
[e1nsa11e) ® woyy Suraow 19dI1A 9 Jo ssaoo1d oy Surmoys sodewr ayisodwo)) (3) “uonerado onenbe s, ad£j0101d o Jo syoysdeug (9) "uonowoso] [ernsaid) s,adKjoy01d
oy Jo syoysdeug (p) -odAy0joid snorqudure ayj Jo marA opis (o) pue mara doJ, (q) ‘193em Jo oS oy} uo Junerddo 1adipo snoiqrydwe uy (8) :17'S 2In3ig

%06 = ¥%a ‘%0 =¢'a %02 = ¥°a ‘%0¢ =£'a
%0=¢ ‘ZH 0E =} %08 =@ ‘ZH GZ =}
s/ww $¢g| painsedp\ s/ww g painsea
J3JeAA UO UOIOA Jedul] () pueT uo uonol Jeaui] (p)

104



125
£ 200 = 400 Square —p
5150 - Tri_50%
2 S 75 —— Tri_70%
8 100 L —— Sine
E © 50 —— 8Squ_30%
~ 5 —— Squ_50%
s 50 / = Squ_70%
£ Triangular 5 25
-l 0 4 !

=4 Triangular
10 20 30 40 . 10 20 30 40
Frequency (Hz) Frequency (Hz)

Figure 5.22: Measured linear and rotational velocities of the amphibious eViper under seven driving waveforms
(triangular wave with 30%, 50%, and 70% duty ratio, sine wave, and square wave with 30%, 50%, and 70% duty
ratio) across a frequency range from 10 to 40 Hz. Only two actuators are driven during the measurement because
initial experimental data show that driving all four actuators simultaneously does not produce higher velocities.
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Figure 5.23: Power-to-velocity conversion efficiency computed from data points in Fig. 5.22.

Fig. 5.22 confirms that both the driving waveform and frequency strongly influence the locomotion
performance of eViper.

It is also observed that the prototype moves substantially faster on water than on land. Compared
with Fig. 5.18, the amphibious eViper achieves a 6.7x higher linear velocity and a 3.3x higher
rotational velocity. We ascribe this to the fluid dynamics and the distinct friction profile at the water
surface. These results motivate a new and ongoing research direction for the robotic platform.

The power-to-velocity conversion efficiency is computed by dividing the velocity data in
Fig. 5.22 by the corresponding power consumption, with the results shown in Fig. 5.23. Similar
trends are observed: square-wave excitation yields the highest conversion efficiency, and the

efficiency peaks near 20 Hz. It is worth noting that the linear conversion efficiency reaches its
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Figure 5.24: Illustration of eViper’s cost of transport with respect to the linear speed (|v,.|) under different operating
frequencies. The distribution of data points is closely aligned between (a) experimentally collected data and (b) neural

network model predictions, indicating that the model is effective for sweeping the entire operating parameter space
and identifying optimal choices. eViper achieves its lowest cost of transport when operated near 20 Hz.

maximum at 10 Hz when the robot is driven by a square wave with 50% duty ratio. This occurs
because the robot maintains a relatively high velocity at 10 Hz while consuming minimal power,
resulting in a large efficiency ratio.

5.8 Energy Efficiency and Cost of Transport (COT)

_ P . . . . .
Cost of transport (COT = go @ dimensionless quantity) can be interpreted as the input power

required to drive a robot at a constant velocity. It is a widely used metric for comparing locomotion
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Figure 5.25: The cost of transport (COT, the lower the better) of various animals and bio-inspired robotic systems.
This figure was recreated from [65].

efficiency across robotic systems. Fig. 5.24(a) plots eViper’s COT for each measured linear-mode
data point as a function of linear speed |v,.|. An ideal robot has high speed, low power consumption,
and low COT; therefore, data points in the lower-right corner of the plot represent the most efficient
behaviors. The figure shows that eViper performs the best when operated near 20 Hz. The data-
driven model introduced earlier can also be used to generate a similar plot by sweeping through
the parameter space and predicting the velocity at each operating point. Fig. 5.24(b) shows the
resulting COT, computed using the model predictions combined with power consumption data from
Fig. 5.20(a). The data distributions in Figs 5.24(a) and 5.24(b) are well-matched: high-frequency
data points (reddish) appear on the upper-right, low-frequency data points (bluish) on the lower
left, and mid-frequency data points (greenish) extend to the lower-right corner of the plot. The

results demonstrate that the data-driven model is an effective tool for sweeping through the entire
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operating space and identifying the optimal operating parameters.

The lowest measured COT of the terrestrial eViper is obtained when the power consumption P
= 1.1 W, the robot mass m = 0.0673 kg, the gravitational acceleration g = 9.8 m/s?, and the robot
velocity v =0.036 m/s (Fig. 5.18 leftmost column). The resulting COT is 46. In aquatic locomotion,
the COT decreases to 8 (P =1.0 W, m=0.0574 kg, ¢ =9.8 m/s?, v = 0.236 m/s, Fig. 5.22). Fig. 5.25
compares the COT of various animals and untethered robots [66—75]. Table 5.4 summarizes key
performance metrics for several untethered soft robotic systems.

The eViper platform offers: (1) highly integrated, fully untethered, modular, and scalable power
electronics and actuation subsystems; (2) end-to-end co-design opportunities across electrical, me-
chanical, and control domains; (3) competitive energy efficiency and cost of transport; and (4)

adaptability to diverse environments (terrestrial and aquatic) and surfaces (rigid and soft).

5.9 Chapter Summary

This chapter presented four-actuator and amphibious eViper, an untethered soft robotic platform
with integrated actuation, power, control, and wireless communication. The robot has high control
freedom on each of its four actuators, demonstrating sophisticated locomotion behavior by control-
ling the electrical driving parameters. The basic robot motion and empirical control methods were
first explored, demonstrating that the four-actuator prototype can decouple linear and rotational
motion. Through systematic data collection, the prototype’s motion sensitivity to nonuniform sur-
face conditions and actuator characteristics was explored, and a data-driven model was developed to
analyze the robot’s operating principles. An off-board vision-based feedback system and Bluetooth
communication enable the robot to perform agile path-tracking. With a waterproofing layer, eViper
can float on the surface of water, perform amphibious operations, and move linearly over 230 mm/s.
The total power consumption is below 2 W, and the robot operates most efficiently at frequencies
near 20 Hz. The eViper platform is highly modular and scalable, and it can be designed in different
configurations to support a wide range of robotic missions, with the potential to achieve high energy

efficiency through multidisciplinary co-design.
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6.1 Chapter Introduction

This thesis focuses on the design and development of piezoelectric mechatronic systems. These
systems offer fast and precise deformation, high control bandwidth, and compact form factors.
Nevertheless, several open problems remain that need to be investigated to further advance their
capabilities. The requirement for high actuation voltages and the performance dependency on
driving waveforms and frequencies pose challenges for the integrated power converters. System
modeling is complicated because the interaction between soft actuators with surrounding rigid
structures are difficult to formulate analytically. The energy flow from the power source to the
load actuator needs to be studied to provide insight for improving system energy efficiency. Finally,
actuator aging and sample-to-sample variations affect behavioral consistency, motivating the need
for feedback control to regulate system performance.

This thesis aims to address the challenges outlined above in the context of piezoelectric soft
robots. In Chapter 2, the fundamental electromechanical properties, equivalent-circuit modeling,
and energy utilization under different driving conditions are investigated, providing the foundation
for subsequent chapters. Chapter 3 introduces the design, implementation, and key features of the
power system adopted in this research. System-level power flow under different driving wave-
forms and frequencies is analyzed, supporting energy-aware control strategies. Chapters 4 and 5
document the development and evaluation of multiple eViper prototypes. Modeling approaches
for the soft robots are explored via either physics-based simulation tools or data-driven methods.
Finally, a feedback control framework is presented to demonstrate the maneuverability of the
robotic platform. The remainder of this chapter summarizes the contributions of this thesis and

discusses the limitations and future research directions.

6.2 Summary of Contributions

This section summarizes the contributions of this thesis:

* Designed and validated a lightweight, high-voltage power conversion architecture for un-

tethered piezoelectric soft robots, facilitating rapid system iteration through its modularity
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and scalability while providing flexible control of output voltage, waveform, and frequency.

* Developed a system-level energy analysis framework that connects battery-level energy
input, power electronics behavior, and actuator energy consumption, enabling quantitative

study of energy flow in piezoelectric systems.

* Implemented and demonstrated the eViper soft robotic platform as a fully integrated system
combining piezoelectric actuators, power electronics, onboard energy storage, control, and
wireless communication, providing the foundation for systematic investigation of energy-

aware piezoelectric mechatronic systems.

+ Established an automated data acquisition pipeline for robotic locomotion studies, enabling

data-driven analysis and modeling of soft robot behavior across diverse driving conditions.

* Characterized actuator-level power consumption and robot-level power-to-velocity conver-
sion efficiency over a wide range of driving waveforms and frequencies, revealing key

trends that inform energy-aware design and control of piezoelectric robotic systems.

These contributions form a unified framework that spans actuator characterization, circuit design,
system integration, and experimental methodology. Collectively, they provide a systematic ap-
proach for understanding energy utilization, designing fully untethered piezoelectric mechatronic
systems, and developing energy-aware modeling and control strategies. Beyond the specific im-
plementations presented in this thesis, the methods and platforms establish a foundation for future

research on scalable, energy-efficient piezoelectric mechatronic systems.

6.3 Limitations and Future Work

Despite the contributions, several technical challenges remain in this field and require further
investigation. In Chapter 3, the high-voltage converter’s dc-dc power efficiency was satisfactory;
however, the efficiency decreased when the converter drove actuators with ac waveforms. Other
converter topologies could be further studied to improve the system’s dc-ac power efficiency. Ad-

ditionally, in the current system design, the returned energy during actuator discharge is dissipated
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through a resistive path. Circuit configurations that enable energy recycling could be explored to
improve overall system energy efficiency.

In Chapters 4 and 5, different system-level modeling approaches were explored, but their predic-
tive accuracy remains limited. The modeling errors could come from multiple sources, including:
(1) nonuniform surface conditions that cause friction variation between the robotic feet and the
ground; (2) actuator variation and aging effects that are not captured in the models; and (3) nonlinear
system dynamics of the integrated prototypes that are insufficiently characterized. The modeling
of soft robotic systems is still an open challenge, and future work should place greater emphasis on
the uncertainty in contact, friction, and impact dynamics, actuator aging effects, and the integration
of data-driven approaches with physics-based analytical models.

In Chapter 5, the data demonstrated that eViper moves much faster on water surface than on land.
This marks a promising research direction for future development of this platform because higher
mobility is desirable for a wide range of robotic application. Aquatic operation also presents new
opportunities for the modeling of system dynamics, as the contact between water surface and robot
body is expected to be more uniform. In the pursuit of optimal aquatic eViper operation, future
research may further investigate different waterproofing structure, size and number of actuators,

and coordination of multiple actuators.

6.4 Final Remarks

This thesis provides an end-to-end power analysis of piezoelectric mechatronic systems. Exam-
ining the energy flow across various functional blocks allows informed design optimization and
application-specific control strategies. In the context of untethered piezoelectric soft robots, the
integrated actuators, power electronics, and robotic functions are tightly coupled, creating signifi-
cant opportunities for multidisciplinary co-design. The practicality of these robots often depends on
the achievable continuous operating time, which is an energy-centric, multivariable optimization
problem among battery sizing, power efficiency of driving circuits, power-to-velocity conversion

efficiency, control strategies, and overall system mass. Together, these considerations emphasize
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the crucial role of energy in piezoelectric mechatronic systems, and this thesis lays a foundation for

future design and implementation of these platforms.
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