
Received September 7, 2021, accepted October 13, 2021, date of publication October 26, 2021, date of current version November 1, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3122935

Thin Piezoelectric Mobile Robot Using
Curved Tail Oscillation
HYEONJUNG LIM1,2, SEUNG-WON KIM 1, (Member, IEEE),
JAE-BOK SONG 2, (Senior Member, IEEE), AND YOUNGSU CHA 3, (Senior Member, IEEE)
1Center for Healthcare Robotics, Korea Institute of Science and Technology, Seoul 01811, Republic of Korea
2School of Mechanical Engineering, Korea University, Seoul 02841, Republic of Korea
3School of Electrical Engineering, Korea University, Seoul 02841, Republic of Korea

Corresponding author: Youngsu Cha (ys02@korea.ac.kr)

This work was supported in part by the National Research Foundation of Korea (NRF) through the Ministry of Science and ICT (MSIT),
Korean Government under Grant 2020R1A2C2005252; and in part by the Korea University under Grant K2106631.

ABSTRACT In this paper, a novel piezoelectric material-based soft mobile robot is proposed. The robot
consists of a thin film body and a soft polyvinylidene fluoride-based tail. The tail has a unique structure
that is a combination of a polyethylene terephthalate fin and a curved piezoelectric film. We experimentally
demonstrated the performance of a mobile robot. In particular, the resonance frequency was investigated
to maximize tail movement. In addition, a parameter study of the tail shape was performed. Moreover, the
repeatability of movements was tested. By using a curved piezoelectric tail with a fin, we built a mobile
robot with a thin and flexible body. Furthermore, we fabricated multiple mobile robots by varying the robot
configuration and analyzing their mobility. We found that our novel curved tail structure has good mobility
performance at low body weights and multi-tailed conditions.

INDEX TERMS Piezoelectric material, mobile robot, soft robot.

I. INTRODUCTION
Soft robotic systems of various forms have been proposed
as a systematic solution to perform tasks that require flex-
ible manipulation and adaptive handling skills [1]–[3]. For
instance, robotic grippers that integrate pneumatic systems
with soft end-effectors as well as untethered robots with
infinite degrees of freedom have been reported as solutions
to grasp fragile objects and walk through rough terrain,
respectively [4], [5]. By taking advantage of their material
properties, the lack of adaptability of conventional robots
arising from the kinematic constraints of their rigid structures
can be overcome [6], [7].

Soft mobile robots are an important field of soft robotic
systems. Compared to previously reported conventional
mobile robots that mainly utilize wheels [8], [9] or pneumatic
systems [10] for the mobility, soft mobile robots have broader
options to achieve mobility [11], [12], such as chemical
reactions [13], [14] and the actuation of the materials [15],
[16]. Realizing robot mobility using chemical reactions or
actuation of materials can improve the portability, and smart
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materials can act as a perfect medium for inducing an accel-
eration owing to their material properties [17]–[19]. Their
advantages such as self-responsiveness [20], [21], flexibil-
ity [22], and light weight [23], enable smart materials to
change the conventional definition of robots. For instance,
a soft robotic actuator [24] that can morph its shape depend-
ing on the surrounding environment using ionic polymer
metal composites has been reported. Various types of smart
materials exist, and piezoelectric materials are among the
most representative of them owing to their piezoelectric char-
acteristic, which is a coupled response between mechanical
stress and electrical charge. Specifically, since piezoelec-
tric material has fine electro-mechanical coupling coeffi-
cient, light-weight, and good frequency response over other
smart material counterparts [25]–[27], piezoelectric mate-
rials can be actuated under the reasonable input voltage
having low power or high frequency [28]. Thus, piezoelec-
tric materials can be used to generate thrust needed for
soft mobile robots [29], [30]. Among various piezoelectric
materials, polyvinylidene fluoride (PVDF) is a representative
one [31]. Because PVDF ismore flexible than its counterparts
with good piezoelectric characteristics [32], PVDF has been
widely utilized for a soft robotic platform. For instance, a soft
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mobile robot which moves through oscillation of PVDF [33]
has been reported. A PVDF-based soft robotic platform
enabled the robot to mimic the running motion of the animal
and was also capable of fast motion of up to 70 % of its body
length in a second. In this work, a thin piezoelectric mobile
robot using curved tail oscillation is proposed as a follow-up
study.

Figure 1 illustrates the concept of a thin piezoelectric
mobile robot with a curved tail. Compared to a previous
publication [33], the robot is turned upside down. Interest-
ingly, the leg in [33] is redesigned to form a tail. By relo-
cating the actuating part from the body to tail, the legged
body part can be fabricated in various shapes with multiple
choices of materials. Also, the body part can be fabricated
by light materials, which can improve energy efficiency of
the robot. Thus, various versions of the proposed robots can
be suggested. The main body is fabricated from polyethylene
terephthalate (PET) instead of the piezoelectric material so
that the robot can withstand wet surfaces due to the insulation
afforded by the material. To generate thrust for mobility,
we use the resonance of the piezoelectric structure as in previ-
ous studies that implement the movement of the mobile robot
through the oscillation of the piezoelectric material [34],
[35]. Similar moving mechanism that utilized vibration of
the legged body part of the robot has been proposed as a
toy, named as bristlebot. Compared to bristlebot that typi-
cally delivers thrust from tiny motors to bristles, the focus
of our work was on proposing robotic structure that only
consists of soft materials. The actuation from piezoelectric
materials makes our robotic structure free from limitation
in size. Additionally, the soft structure enables the robot
to withstand and absorb the applied impact [5]. With these
advantages, the effect of robot configurations in mobility is
studied thoroughly by a series of experiments.

Our major contributions are as follows: (i) proposing a
novel soft mobile robot mechanism based on a curved piezo-
electric tail; (ii) conducting a systematic analysis of the oscil-
lation of the curved piezoelectric tail; and (iii) studying the
mobility characteristics of the mobile robot through a series
of experiments.

The remainder of this paper is organized as follows.
In section II, the detailed fabrication process of the thin
piezoelectric mobile robot is presented. In section III, the
experimental setup for studying the characteristics of the tail
and mobile robot is established. In section IV, experimental
results for the curved piezoelectric tail and thin soft mobile
robot are described. Finally, the conclusions are presented in
the last section.

II. FABRICATION PROCESS
The thin piezoelectric mobile robot consists of a soft tail and
legged body. Specifically, the tail is a combined structure
of the curved PVDF film and the PET fin. Additionally, the
legged body is composed of a PET substrate. The actuation of
the tail is realized using a PVDF film (Measurement Special-
ties Inc.) with a thickness of 28 µm. Figure 2 (a) illustrates

FIGURE 1. Thin piezoelectric mobile robot with curved tail.

the fabrication process for the PVDF part of the curved tail.
First, the PVDF film was cut to 15mm in length and 20mm
in width. Then, conductive epoxy (Epoxy adhesive 8331,
M.G. Chemicals Ltd.) to improve the adhesion was applied
to a small part on the upper right of the PVDF film, and
copper tape (1181, 3M Co.) was attached to this area for the
external wire connection. To create a curved structure, the
PVDF film attached to the copper tape was combined with
a pre-stretched Kapton tape (8997, 3M Co.). The remaining
Kapton tape was cut to fit the PVDF film.We fabricated three
types of PVDF tails with curvatures of 85 m−1, 95 m−1, and
115 m−1. Second, the fin of the tail and legged body part
of the robot were fabricated from PET film with a thickness
of 100 µm. Figure 2 (b) displays the process of combining
the PET components with the piezoelectric actuator. The fin
of the tail and body parts of the robot were cut using a
laser cutter (Mini 24, Epiloglaser). Specifically, the fin of the
tail had a trapezoidal structure with an upper width, lower
width, and height of 30mm, 20mm, and 10mm, respectively.
The fin was added to amplify the mobility of the robot. The
legged body part had width and length of 15mm and 50mm,
respectively. After laser cutting, the four legs of the body
were folded at 90◦ to the body after the laser cutting. Finally,
the curved PVDF layer was combined with the legged body
part using epoxy glue (Epoxy Adhesive DP460, 3M Co.)
at the center and cured for 24 h at 20 ◦C. In addition, the
PET trapezoidal fin was attached to the curved PVDF film
using double-sided PET tape with a thickness of 20 µm. The
completed piezoelectric mobile robot with a curved tail after
the fabrication process is shown in figure 2 (c).

III. EXPERIMENTAL SETUPS
A. MEASUREMENT OF TAIL OSCILLATION
To observe the movement of the curved tail according to
the actuation of the piezoelectric material, we built a setup
as shown in figure 3. To study the displacement of the tail,
the partial area of the tail was clamped. Specifically, the
partial area of the curved PVDF was bonded to the PET
legged body. The displacement of the structure was mea-
sured using a 2D laser sensor (LJ-V7080, Keyence Co. Ltd.)
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FIGURE 2. Schematic of fabrication process. Sequential order of fabricating thin piezoelectric mobile robot and its configurations are illustrated.
(a) Fabrication process of curved PVDF film. (b) Combination of curved PVDF film with PET-based legged body part and fin of the tail. (c) Completion of
thin piezoelectric mobile robot.

FIGURE 3. Experimental setup of laser displacement sensor for
measuring the movement of piezoelectric tail.

placed under the tail. To supply the voltage input to the tail,
we used a waveform generator (33500B, Keysight Technol-
ogy), a power supply (MK-3003P, MK Power), and a voltage
amplifier (PA95, Apex Microtechnology Co. Ltd.). The volt-
age amplifier was embedded in an evaluation kit (EVAL 23,
REVB, Apex Microtechnology Co. Ltd.). A Teflon wrapping
wire was used to apply the voltage by connecting the ampli-
fier and the tail. The maximum peak-to-peak voltage ampli-
tude was chosen based on the PVDF film datasheet and the

FIGURE 4. Experimental setup for observing the movement of the thin
piezoelectric mobile robot.

preliminary test. We analyzed the oscillation of the tail along
the longitudinal direction using the measured 2D laser sensor
data.

B. MEASUREMENT OF ROBOT MOBILITY
Figure 4 illustrates the experimental setup used to observe
the movement of the thin piezoelectric mobile robot. We uti-
lized the same setup as in section III-A to apply the input
voltage for robot operation. The mobile robot was tested on
a PET surface. The movement of the robot was recorded
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FIGURE 5. Time lapse of oscillation when a square wave with amplitude
of 170 V and frequency of 49 Hz is applied to the curved piezoelectric tail.

FIGURE 6. Time trace of displacement and sine-fitted result when a
square wave with an amplitude of 170 V and the frequency of 49 Hz is
applied to the curved piezoelectric tail. Black and red solid lines indicate
displacement output of the PVDF and sine-fitted result, respectively.

using a camera (DSC-RX100M6, Sony Co.) with a frame
rate of 30 fps and processed it to 2D displacement data
by observing the movement of the marker at the center of
the legged body. The movement of the trace marker from
the recorded videos was extracted using a post-processing
tracking program (ProAnalyst, Xcitex). The velocity of the
mobile robot was calculated from the movement of the
marker.

IV. RESULTS
A. ANALYSIS OF THE TAIL OSCILLATION
1) TAIL OSCILLATION
We applied a square wave with a peak-to-peak voltage
amplitude of 170V and frequency of 49Hz. Figure 5 dis-
plays the representative time lapse of the oscillation of
the curved tail with the fin. Figure 6 shows the represen-
tative displacement of the tip of the tail when a square
wave with a peak-to-peak voltage amplitude of 170V
and frequency of 49Hz was applied. The oscillation of
the tail showed a high match with the sinusoidal wave
with an R-square value of 0.9985. Thus, we extracted
the amplitude of the displacement by applying sine
fitting.

FIGURE 7. Displacement amplitude of the tail according to change in
(a) curvature and (b) length of the curved PVDF.

FIGURE 8. Extracted displacement amplitude according to the change in
(a) frequency and (b) applied voltage. Black circles and red line indicate
extracted amplitudes and linear fitting result, respectively.

2) TAIL SPECIFICATION
To study the effect of tail structure on the mobility of the
robot, several tails with different parameters were tested.
Specifically, we varied the curvature and longitudinal length
of the curved PVDF and compared the oscillation amplitudes.

First, tails with curvatures of 85m−1, 95m−1, and 115m−1

were prepared. They had a length of 15mm. Then, using
the experimental setup shown in figure 3, the displacement
amplitude of the tail was extracted. Figure 7 (a) shows the
extracted displacement amplitudes according to different cur-
vatures. The curved angles of PVDF with reference to the
clamped surface were 68◦, 75◦, and 93◦ for the tail with a
curvature of 85 m−1, 95 m−1, and 115 m−1, respectively.
Based on the relationship between the curvature of the tail and
the displacement, we found that the displacement increased
with an increase in curvature. However, the increase of the
displacement when the curvature changed from 95 m−1 to
115 m−1 reduced than the difference when the curvature
changed from 85 m−1 to 95 m−1. In addition, the case with a
curvature of 115 m−1 exceeds 90◦. Thus, for further experi-
ments, we selected the curvature of the tail as 95 m−1.

Also, we investigate the effect of the length of the curved
tail. Aside from the curved PVDF with a longitudinal length
of 15mm, tails with lengths of 20mm and 25mm were
fabricated. Using the setup shown in figure 3, we compared
the displacement amplitude according to the change in the
longitudinal length. Figure 7 (b) shows the displacement
amplitudes with respect to the longitudinal length of the
curved PVDF.We observed that the oscillation increased with
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FIGURE 9. Displacement of the piezoelectric tail according to frequency
sweep. (a) Time-traced displacement of the piezoelectric tails and
(b) frequency response of displacement.

the length. We command that the increase in oscillation by a
greater length results inmore charge than a lesser longitudinal
length [36]. Thus, the input energy for actuation increases
with length. For further experiments, we utilized a curved
PVDF with a longitudinal length of 15mm.

3) RESONANCE OF THE TAIL
To determine the resonance frequency, we applied a square
wave with a fixed peak-to-peak voltage amplitude of 170V
and a frequency that varies from 10Hz to 100Hz with a
step of 1Hz to the curved PVDF. Figure 8 (a) shows the
extracted displacement amplitude according to the frequency
change. Herein, we confirmed that resonance occurs when
a square wave with a frequency of 49Hz is applied to the
tail. Thus, to maximize the oscillation of the tail under the
given condition, we applied a square wave with a frequency
of 49Hz to the curved PVDF.

After determining the resonance frequency, the controlla-
bility of the fin was tested by applying input voltages with
varying amplitudes, as depicted in figure 8 (b). Specifically,
the peak-to-peak voltage amplitudes were varied from 5V to
170V in steps of 5V. Herein, the oscillation amplitude of
the fin increased linearly with an R-square value of 0.9952
according to the increase in the applied peak-to-peak voltage
amplitude. Thus, under a given resonance frequency, the
displacement of the tail can be controlled by adjusting the
voltage.

4) EFFECT OF THE FIN
To determine the importance of the fin, we fabricated a tail
without the PET fin. In addition, the frequency of the input
voltage was swept from 10Hz to 400Hz. Figure 9 (a) shows
the displacement results at the tip for both cases (with and
without fins). We confirmed that the maximum displace-
ment of the tail with the fin was amplified to approximately
2.5 times compared to the case without the fin. Additionally,
we converted the time-traced displacements of the tip to
frequency domain by performing a fast Fourier transform
(FFT) [37] using MATLAB, as illustrated in figure 9 (b).
In the frequency domain, the tail with the fin and the other
case showed distinctive spectra. Specifically, the resonance

FIGURE 10. Time-traced picture of the mobility test of the thin
piezoelectric mobile robot.

frequency of the curved tail with the fin diminished to 49Hz
compared with the other case of 119Hz. To check the cred-
ibility of the FFT results, we simulated the resonance fre-
quency of the curved tail without the fin using COMSOL
Multiphysics 5.3a [33]. Through the numerical simulation in
the two-dimentional space, the eigen value of the frequency
response was obtained as 113Hz. The simulated result by
COMSOL showed a high match with the FFT output of
the finless tail as shown figure 9 (b), with a discrepancy of
5 %. Thus, by performing FFT, credible information on the
oscillation of the curved PVDF can be obtained. Additionally,
the FFT output of the tail with the fin in figure 9 (b) can
also be compared with the extracted frequencies illustrated
in figure 8 (b). Because the trends of the FFT results showed
good similarity, the reliability of the result can also be verified
even in the finned condition. Furthermore, because a thin
piezoelectric tail with a fin can be actuated with a comparably
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FIGURE 11. (a) Displacement variations of the thin piezoelectric mobile
robot normalized with body length for ten cases and (b) average velocity
according to the test cases. Red solid line, red dashed lines, and circles
represent mean of average velocity, standard deviation of average
velocity, and each average velocity, respectively.

lower operating frequency and a larger displacement than
the other case, the fin plays an important role in the mobile
robotic system [38], [39].

B. MOBILITY OF THE ROBOT
1) LOCOMOTION OF THE MOBILE ROBOT
Using the robot configuration in section II, the mobility test
was performed with the experimental setup shown in figure 4.
Figure 10 shows a representative time-traced mobility test.
The movement of the robot was captured every 5 seconds.
We note that the path of the robot was not straight but
was in the form of an arc because of the tension of the

FIGURE 12. Average velocity and standard deviation of three identical
thin piezoelectric mobile robots. Solid line, dashed lines, and markers
represent mean of average velocity, standard deviation of average
velocity, and each average velocity, respectively. Red, green, and blue
colors are results from each mobile robot.

electric wire that was connected to the robot. The mobile
robot moved approximately 170mm in 30 seconds. The
velocity of the robot is 5.6 mm/s. This is comparatively
slower than that reported in a previous publication [33],
[40]. To be specific, with 21 % less piezoelectric layer, the
proposed mobile robot had lower average speed of 15 %
compared to the prior study [33]. However, comparable
slower speed might be attributed to distinct moving mech-
anism with the previous study. Considering that the proposed
tailed robot delivers thrust from the tail to the body rather
than actuation of the body itself, the robot shows slower
moving speed than the prior research due to force delivery
loss [41].

Repeated movability tests were performed to ensure
repeatability. Specifically, we recorded the movements of the
robot for 30 seconds for ten iterations. The displacements
for the ten cases are illustrated in figure 11 (a). We com-
mented that each displacement was normalized by the length
of the body. The mobile robot exhibited a similar time-
traced trajectory. The trajectories were then converted to
the average velocity of the robot, as shown in figure 11 (b).
The average velocity of the proposed mobile robot was
5.6mm per second. The mobile robot took 8.9 seconds to
move until its body length was covered. Thus, the robot
is able to move by approximately 11.2 % of the body
length.

Lastly, to study the variation of handmade fabrication on
mobility, we made three identical robots. We then repeated
themobility test for ten cases for eachmobile robot. Figure 12
shows the results of the mobility tests for the three identical
robots. Herein, the robots had similar average velocities of
5.6 mm/s, 5.1 mm/s, and 4.6 mm/s.
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TABLE 1. Material property of the legged body configuration.

FIGURE 13. Mean and standard deviation of the average velocity
according to the body material change. (a) Average velocity with respect
to weight change and (b) stiffness change.

2) MATERIAL CHANGE IN LEGGED BODY PARTS
To investigate the effect of the legged body on the mobility,
we fabricated different legged bodies with various materi-
als. Ten repeated mobility tests were then performed. The
size of the tail and fin were all identical, and the materials
used for the body were paper, PET film, and polypropy-
lene (PP). Young’s moduli of each material are 6.82GPa,
2.9GPa, and 1.3GPa for paper [42], PET [43], and PP [44],
respectively. Additionally, a PET body with a longitudinal
length of 60mmwas fabricated to compare the effect of body
length on mobility. The movements of the thin piezoelectric
mobile robots were then analyzed using the experimental
setup shown in figure 4. The characteristics of the robots
are listed in table 1. The stiffness of the body is obtained
using Young’s modulus×Moment of inertia /Length3. From
figure 13, we can observe that the different body weights
and stiffnesses of different materials affected the velocity.
Specifically, we found an inverse relationship between the
weight and velocity. In addition, the longer PET body resulted
in a lower velocity due to the increased weight. Moreover, the
velocity and stiffness did not have a unique relation.

3) MULTI-TAIL OPERATION
We added an additional tail to the mobile robot to study the
effect of multiple tails. Two tails were attached at 15mm and
35mm from the front of the body. We comment that the other
conditions remained the same as the one-tailed mobile robot.
Subsequently, ten repeated mobility tests were performed.
Figure 14 shows the average velocity when an additional tail
is added to the robot. Consequently, the average velocity of
the mobile robot with two tails was 1.2 times faster than
the original robot. Interestingly, the robot with two tails took
7.2 seconds to traverse its body length.

FIGURE 14. Average velocity of the thin piezoelectric mobile robots with
single and double tails, respectively. The solid line, dashed lines, and
circles represent the mean of average velocity, standard deviation of
average velocity, and average velocity, respectively. Red and green
indicate the average velocities of the single- and double-tailed
piezoelectric robots, respectively.

V. CONCLUSION
We propose a novel soft mobile robot that moves based on
the oscillation of its tail. The soft mobile robot consists of a
curved PVDF-based tail and a customizable body, and a fin
attached to the tail oscillates such that the robot can move
forward. Themobility of the robot was implemented by thrust
through the resonance of the PVDF film, and PET film-based
fin that can amplify the movement.

To study the movement characteristics of the thin piezo-
electric mobile robot, we focused on the effect of the tail and
legged body on the mobility. Specifically, to determine the
effect of the curved PVDF on the mobility, we determined the
optimal curvature and length of the tail. Then, the resonance
frequency was obtained and analyzed for the effect of the
fin on the curved PVDF. In addition, for the body part,
we fabricated a legged body part with different materials to
study the effect of the material on the mobility. In summary,
the proposed robot canmove at an average velocity of 5.6mm
per second, which indicates that it can move 11.2 % of its
body length per second under experimental conditions. The
repeatability of the robot under an identical experimental
setup was also tested through repeated experiments. The
robot showed similar movements for different test cases and
was comparably free from fluctuations. In addition, with the
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additional fin, we confirmed that there is even more room for
the robot to improve its mobility.

Owing to its softness and flexibility, it is anticipated that
the proposed mobile robot can perform tasks in harsh envi-
ronments such as narrow passages or wet areas. In addi-
tion, its flexibility makes it possible to recover quickly from
impact. In addition, apart from the advantages of the robot
such as flexibility and small size, the greatest strength of
the proposed robot lies in its adaptability. Because the body
parts are easily customizable with any materials, different
forms of the proposed robot can be suggested to adapt to
various environments. Using these advantages, we hope that
the proposed robot can be adapted to a soft rover to perform
difficult tasks, such as space missions [45], [46].

Future works are to investigate the moving performance
at various conditions such as the effect of the friction on
different surfaces and to develop an independent robotic plat-
form by including an embedded board and a battery without
external wires.
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