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Miniaturized Terrestrial Walking
Robot Using PVYDF/PVP/PSSA
Based lonic Polymer—-Metal
Composite Actuator

This paper presents a design and fabrication of millimeter scale walking robot using
ionic polymer—metal composite (IPMC) actuator as the robot’s leg for walking in terres-
trial environment. A small scale of new IPMC actuator based on poly-vinylidene fluoride
(PVDF)Ipolyvinyl pyrrolidone (PVP)/polystyrene sulfuric acid (PSSA) blend membrane
was fabricated and employed in this study to sustain and drive the walking robot with suf-

ficient force and displacement. The PVDF/PVP/PSSA based IPMC actuator with a poly-

mer mixture ratio of 15/30/55 shows improved performances than Nafion based IPMC
actuator. To enhance a traction force of the walking robot and to increase the life time of
IPMC actuators, the IPMC strips are covered with a thin PDMS (polydimethylsiloxane)
layer. A miniaturized terrestrial walking robot (size: 18 x 11 x 12 mm, weight: 1.3 g)
with a light weight robot’s body which can support 2-, 4-, or 6-IPMC-leg models was
designed and implemented the walking motion on the ground at the maximum speed of
0.58 mm/s. [DOI: 10.1115/1.4032407]

Keywords: ionic polymer—-metal composite actuator, PVDF, PVP, PSSA, terrestrial walk-
ing robot

e-mail: spark@jnu.ac.kr

1 Introduction

IPMC actuator is a type of wet ionic electro-active polymers
(EAPs) that is typically composed of a thin ion-exchange mem-
brane between two noble metal electrodes (e.g., platinum, gold,
silver, etc.) [1]. Generally, IPMC actuator can be used in many
bio-inspired aquatic systems or biomedical applications because
of its superior properties, such as low actuation voltage, large tip
displacement, light weight, well working in aquatic environment,
ease of miniaturization, actuation and sensing capabilities, etc.
Under electrical field, the mobile cations gathering with water
molecules were redistributed from one electrode surface to the
other one, resulting in the imbalance internal stresses inside the
backbone membrane. At the cation-poor-region, polymer chains
are contracted, while at the cation-rich-region, they are extended,
causing the IPMC to bend to the anode side. On the other hand,
when applying mechanical force to the IPMC, the moving of the
mobile cations cause an electrical charge at each electrode. This
can explain both the actuation and sensing characteristics of
IPMCs [2].

However, the tip force generated by an IPMC is very small, and
the loss of water molecules while working in air is a limitation of
this potential actuator. Therefore, most of the bio-inspired systems
using IPMCs as the actuators or sensors are operated in aquatic
environments where the actuating force is no longer problematic
with the aid of buoyancy, and the system works well without any
loss of water molecules inside. Several swimming bio-inspired
robots were reported as follows: First, fish-like robots that can
swim in the water by using an IPMC as the fish tail have been
developed [3-5], and a ray-like swimming robot mimicked the
pectoral fin of a ray using IPMC strips has been reported [6,7].
Second, Najem et al. [8] and Gou et al. [9] designed the jellyfish
type of swimming robot using IPMCs to mimic the jellyfish
motion. Finally, Kamamichi et al. [10] reported a snake-like
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swimming robot that consists of two IPMC strips and applied peri-
odically input with an appropriate frequency and phase shift to re-
alize the snake-like swimming motion.

Contrary to swimming motion, walking motion aimed at mov-
ing across many kinds of terrains, not only in aquatic environ-
ments but also in terrestrial environments. However, the main
concern for a terrestrial walking robot is how to support and move
the robot body, especially a bio-inspired walking robot using
IPMCs. Many researchers concentrated their efforts on the design
of a robot structure and walking mechanism in order to apply this
potential IPMC to the bio-micro walking robot. Chang et al. used
thick Nafion based IPMCs (1 mm) to generate sufficient force for
a walking robot. The walking robot (size: 102 x 80 x 43 mm,
weight: 39 g) with 6 two-degrees-of-freedom (2DOF) legs was
designed, implemented, and walked in water at the speed of
0.5mm/s [11]. Another report [12] introduced an underwater
microrobot with multifunctional locomotion that used ten IPMC
actuators to realize walking, rotating, and grasping motions. In
aquatic environment, with the aids of buoyancy, these walking
robots do not need to deal with the bucking force and blocking
force problem in order to support those heavy weight robot’s
bodies and drive the robot motion. Moreover, the ground contact
is not the primary concern for walking robot in aquatic environ-
ment because of the surrounding water. However, in terrestrial
environment, especially at a millimeter scale, where the friction
force governs all the motions, the ground contact plays an impor-
tant role in locomotion of the robot. Thus, the slipping is one of
the biggest problems of terrestrial walking robot.

Many different terrestrial walking robots using the other smart
materials are developed. One of the most popular smart materials,
shape memory alloy (SMA) actuator has been used to build the
walking robot because of its lightweight, large actuating force,
and good mechanical properties [13—15]. With fast response, high
locomotive power properties, piezoelectric ceramics actuators are
widely applied in walking robot, such as HARM? [16], HARM?
[17], and HARM-VP [18]. However, there are some disadvan-
tages that limit these smart materials in biomedical applications,
such as the heat generating by SMA in heating process, the high
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actuation voltage of piezoelectric actuator which can damage the
human tissues. The ionic EAPs can work overall in robot mission
time without degradation, corrosion, or wear in the chemical
environment (enzyme, pH, and under lymphocyte action), thus is
suitable for medical application which require inert materials,
such as platinum, Nitinol (NiTi), some stainless steels, ceramic
alumina, and some polymers. Of course, this material should be
nontoxic with no damage to the human body at a low actuation
voltage [19].

The goal of this work is to address these engineering challenges
in order to develop a low-power terrestrial walking robot capable
of flat ground locomotion, and suitable for medical application.
The proposed IPMC actuator based on PVDF/PVP/PSSA with
polymeric mixture ratio of 30/15/55 was fabricated and its per-
formance was characterized. For a walking robot, we chose the
best size, thickness of IPMC actuator to ensure the sufficient force
and displacement. In addition, the detailed design and fabrication
of the proposed walking robot structure, the walking mechanism
and control system will be explained in this paper through five
sections. In detail, the fabrication process and property analyses
of our IPMC based on PVDF/PVP/PSSA will be presented in
Sec. 2. Section 3 describes the bio-inspired walking robot struc-
ture design, control system and its walking mechanism. The
experimental results of the walking robot on the flat surface at var-
ious input frequency were shown in Sec. 4. Finally, Sec. 5 focused
on conclusions.

2 PVDF/PVP/PSSA Based IPMC Actuator for
Terrestrial Walking Robot

2.1 Fabrication and Property Analysis of IPMC actuator.
There are many factors that affect the IPMC actuator and cause its
nonlinear behavior, such as membrane conditions, surface condi-
tions, conductivity, size, and driving voltage. The ion exchange
membrane condition plays a vital role to IPMC performance,
which decides how much mobile cations and absorbed water mol-
ecules are included in the membrane of IPMC. By controlling the
membrane condition, the characteristics and performance of
IPMC can be generally determined. The proposed blend mem-
brane based on PVDF/PVP/PSSA with a ratio of 30/15/55 has
shown better performance in comparison with a conventional
Nafion-based membrane [20].

To prepare the blend membrane, the polymeric components
such as PVDF, PVP in powder form and PSSA liquid form were
dissolved with N,N dimethyl formamide (Sigma Aldrich) to form
a 10 wt. % membrane mixture solution. The blend membrane was
fabricated by a casting method and two electrodes on the both
sides of the blend membrane were created, where the electroless
plating method was selected because of the nonconductivity prop-
erties of the proposed membrane. The following ingredients must
be prepared, such as Tetra-amine platinum(Il) chloride hydrate
([Pt(NH3)4]Cl, x H,O) (Sigma Aldrich), sodium borohydride
(NaBHy), lithium chloride (LiCl), hydroxylammonium chloride
(HONH,-HCl), hydrochloric acid (HCI), and ammonium hydrox-
ide (NH,OH) (DAE-JUNG, Korea). IPMC fabrication procedures
were adopted from the previous works [20-23] and were
enhanced to ensure sufficient force and displacement for robotics
applications. Especially, the platinum electrode coating process
(second reduction) was repeated twice, which causes the uniform
surface layer thickness, the low resistance, and the high conduc-
tivity of the electrodes. Our fabrication method provided
10-20 yum uniform platinum layers and the surface resistance
around 0.2 Q/mm. Therefore, it was expected that the proposed
IPMC actuator has the enhanced displacement and the increased
blocking force.

In order to measure IPMC responses, a data acquisition system
was prepared and set up, as shown in Fig. 1. As a data acquisition
system, a digital signal-processing board (DS1103, dSPACE)
linked to a computer was introduced. For the deflection
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Data acquisition system
(dSPACE 1103)

Displacement measurement

Blocking Force measurement

Fig. 1 Experimental setup for IPMC bending test and blocking
force test

measurement of IPMC actuator, DS1103 board was connected to
a laser vibrometer (Model No.-OFV-2510, Polytec) and to the
electrodes of the [IPMC’s clamping devices. A load cell (GSO-10,
Transducer Techniques) with capacity of 10 g and load cell signal
conditioner (TMO-2, Transducer Techniques) were used to mea-
sure the blocking force of IPMC actuator. The measured data
were acquired using real-time interface CONTROLDESK soft-
ware (DSPACE) and linked to mMaTLAB for analysis throughout the
experiment.

In this work, many experiments had been implemented to con-
trol the deflection of the IPMC actuator by changing its size.
IPMC actuators with widths 2-4 mm, and the following 10, 15,
and 20 mm in lengths, are fabricated. In Figs. 2(a) and 2(b), when
increasing the width of IPMC actuator from 2 mm up to 4 mm, the
displacement of IPMC actuator is decreased from 3.8 mm down to
2.8mm (with 20mm sample’s length), from 3.1 mm to 2mm
(with 15mm sample’s length), and 2.1mm to 1.12mm (with
10 mm sample’s length), whereas the blocking force are increased
from 7.22 mN up to 13 mN with samples of 20 mm in length, from
9.1 mN up to 15.2mN with samples of 15 mm in length, and from
10.3mN up to 18.2mN with samples of 10 mm in length. In con-
tract with increasing the width, when increasing the length of
IPMC actuators, it is obviously demonstrated that the displace-
ment is strongly increased whereas the blocking force is decreased
(Fig. 2(b)). Based on the response of IPMC actuator, the size
15 mm in length and 4 mm in width is chosen to ensure the profi-
cient displacement and blocking force for walking robot. The
sample’s thickness used in these experiments is .35 mm.
Figure 2(c) demonstrates the relation of IPMC thickness to dis-
placement and blocking force. The IPMC samples with different
thicknesses (0.2, 0.25, 0.3 0.35, 0.4, 0.5, 0.6, 0.7 0.8, 0.9, and
1 mm) are fabricated, tested to choose the proficient thickness
IPMC leg for terrestrial walking robot. In Fig. 2(c), the blocking
force is increased from 10 mN up to 32 mN, and the displacement
is decreased from 4.1 mm down to 0.42 mm, when the thickness is
increased from 0.2mm to I mm. The sample’s thickness of
0.35 mm is the most suitable thickness for IPMC leg, which ensures
the sufficient blocking force and displacement as well as the flexibil-
ity for IPMC legs. Finally, the 15mm X 4 mm x 0.35mm IPMC
legs are chosen for the walking robot.

The IPMC actuator was tested using square-wave input signal
with amplitude of 3 V, actuation frequency of 0.05 Hz which aims
to test the displacement and blocking force under low actuation
voltage (Fig. 3(a)). In part (i), the IPMC shows the bending
response with about 2mm tip displacement. The data in part
(i) shows the blocking force response of IPMC actuator.
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Fig. 2 (a) Displacement response, (b) blocking force response
of IPMC actuator with different width and length, and (c) dis-
placement and blocking force response of IPMC actuator with
different thickness

The maximum blocking force is demonstrated on the figure as
about 15 mN force.

The IPMC actuator was carefully characterized the perform-
ance with the desired actuation voltage 5V DC and AC signal.
Figure 3(b) shows the experimental results of IPMC actuators
under a 5V square-wave input and various actuation frequencies
from 0.1 to 1 Hz. This experiment aims to characterize the force
and displacement responses of IPMC actuator under various
actuation frequencies for walking robot. It shows that the dis-
placement and blocking force of the IPMC actuator are inversely
proportional to the actuation frequency, i.e., when we increase the
actuation frequency, the displacement and the blocking force of
the IPMC actuator are decreased. At 0.1 Hz, our proposed IPMC
actuator shows 4mm in displacement and 16 mN in blocking
force, whereas the displacement and blocking force are decreased
to 0.5mm and SmN at 1 Hz, respectively. The square-wave input
signal was chosen in this experiment because it creates the
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Fig. 3 (a) Displacement and blocking force response of IPMC
actuator under 3V, 0.05Hz input signal and (b) response of
IPMC under various input signals (5V, 0.1-1 Hz)

IPMC/PDMS

actuator

/oad cell

Signal conditioner

Linear translation stage

Fig. 4 Experimental setup for friction force test between walk-
ing robot and ground

greatest force and displacement, as well as the fastest response, in
comparison with sinusoidal and saw-tooth wave input signals.

2.2 Enhance IPMC Actuator Performance Using PDMS
Coating Method. In micro- and mesoscales, the surface friction
force plays a very important role in the interactions between
objects. Especially in a walking robot, the friction between the
robot’s legs and the ground decides the efficiency of the robot
motion. Developing of the walking robot without careful consider-
ing the friction between robot’s leg and the ground will lead to the
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Copper electrodes

| Electrode connection pads

slipping problem, which cause the slowed locomotion. The loss of
ground contact between the IPMC leg and the ground was the
main reason for this problem.

In order to solve this slipping problem, we adopted a thin
PDMS polymer layer to cover the IPMC leg, which can easily
bend and come in full contact with the walking plane, no matter
how great the contact angle. PDMS is appropriate for use in this
situation because of its flexible properties and easy fabrication
process. The dipping method is used to coat the PDMS layer out-
side of the IPMC actuator. First, a PDMS solution with a ratio of
10:1 Sylgard 184 A, i.e., a silicone elastomer base, and Sylgard
184B, i.e., a silicone elastomer curing agent, was prepared. Then,
the IPMC actuators were immersed into the PDMS solution to
cover about 80% of the length of the IPMC, leaving 20% for
attaching the electrodes. The IPMCs with the PDMS coating
(called IPMC-PDMS) were hung in the oven at 80 °C for 1h.
Then, the IPMC actuators with a thin PDMS layer are reserved in
the deionized (DI) water for the actuation test.

Four IPMC actuators with PDMS coating (IPMC-PDMS) were
assembled in the walking robot, and the load cell (GSO-10, Trans-
ducer Techniques) was connected to the walking robot using a
thin wire for the measurement of the friction and propulsion force,
as shown in Fig. 4. The linear translational stage was adjusted to
increase the tension on the wire that connects the load cell and the
walking robot, until the walking robot starts to slide. At that
moment, the maximum friction force between the robot leg and
the ground can be measured and recorded. We repeated this
experiment many times with IPMC-PDMS and IPMC actuators to
compare their performances. The experimental results demon-
strated that the walking robot using IPMC-PDMS showed greater
friction force that that using IPMC alone. That is, the friction

—

1.500

IPMC strip

Control connection pads

(@

(d)

(b)

(e)

Fig. 6 (a) Structure of IPMC leg connectors, (b) PCB-robot body; design of IPMC walking robot, (¢) 2-IPMC-leg model,

(d) 4-IPMC-leg model, and (e) 6-IPMC-leg model
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coefficient of IPMC-PDMS on the Teflon surface is about 0.456
on average, which is larger than twice the value of IPMC alone
(0.21). They showed that an IPMC-PDMS actuator has better
ground contact than IPMC, and therefore, the slipping of the
IPMC walking robot is reduced. Moreover, by coating a thin
PDMS layer outside of the IPMC actuator, the ground contact was
improved, the motion was not disturbed. We compared a regular
IPMC actuator and the IPMC-PDMS actuator through the dis-
placement tests, blocking force tests, and life-time cycle tests. As
a result of thin PDMS coating, the IPMC-PDMS actuator shows a
slightly unfavorable response in comparison with the regular
IPMC actuator (Fig. 5(a)). That is, the regular IPMC actuator
showed 2.3 mm tip displacement and 15mN blocking force, but
the IPMC-PDMS actuator showed 2mm tip displacement and
13mN blocking force. However, the life-time cycle of IPMC-
PDMS actuator was clearly enhanced. As shown in Fig. 5(b),
when we test the two actuators with the actuation frequency of
0.4 Hz, the IPMC-PDMS actuator bended steadily after 3.5 min,
then gradually declined its performance and showed a lightly drift
from the initial stage after 7 min, whilst the regular IPMC actuator
showed the steady bending motion in 80s, then dramatically
changed its shape, significant drift from initial stage at 2 min, and
strongly decreased its performance, became brittle after 7 min due
to the leakage of water out of the membrane in actuation process.

3 Design and Fabrication of Miniaturized Terrestrial
Walking Robot Using IPMC

3.1 Walking Robot Structure. In robot’s mechanical design,
many lightweight and simple robot’s structures have been consid-
ered, such as wood, plastic, or composite based robot’s structure.
Especially in milliscale robot, where a large number of control
circuit and complex connection need to be populated in a small
area, the robot’s structure plays an important role in robot motion.
In order to solve this problem, a printed circuit board (PCB) was
designed and used as the robot’s body, upon which all the
mechanic parts, electrode connection pads, and control connection
pads and actuators were installed [13-18,24]. A 1.5mm thick
double-sided circuit board is used for this purpose, resulting in a
weight of about 520 mg unpopulated board (Fig. 6(b)).

In experiments of IPMC actuator, clamping pressure between
the IPMC and the clamping device will strongly affect the actua-
tion performance of the IPMC actuators because electrical contact
resistance between two electrodes of the IPMC and the clamping
device and material properties will be greatly changed according
to the change of clamping pressures [25]. Therefore, in biosystem
using IPMC and IPMC robot, the design of the electrodes that
connected between IPMC and system is very important. It not
only sustains the clamping pressure on IPMC, but ensures the uni-
form contact between electrodes and IPMC as well. Figure 6(a)
illustrates the structure of IPMC leg connectors which were cut
from the copper plate (0.35 mm thickness). A pair of copper con-
nectors is bent with contact angle 10deg and fixed to the robot’s
body by manual soldering with the distance 0.3 mm from each
other in order to provide enough clamping pressure on IPMC,
easy to assembly, disassembly as well as no damage to the IPMC
surface.

The final design of walking robot are showed in Fig. 6 with
dimension of 18 mm length X 11 mm width x 12mm height. On
the robot’s body, six pair of copper connectors were symmetri-
cally designed and placed, in order to fix 2, 4, or 6 IPMC legs to
the robot’s body, resulting in the 2-, 4-, or 6-IPMC-leg models
(Figs. 6(c)-6(e)). In 2-IPMC-leg model, two IPMC legs are
inserted into two front connectors to generate the motion for
robot, and two dummy legs, made of acrylonitrile butadiene sty-
rene (ABS) plastic, are fixed to two rear connectors to keep bal-
ance for robot during the walking motion. The IPMC legs using in
this application with dimensions of 15mm x4 mm x 0.35mm
were selected in Sec. 2. This proposed structure can easily

Journal of Mechanisms and Robotics

switched from 2-IPMC-leg model to 4 -, or 6-IPMC-leg models
by assembly two or four more IPMC legs. In this work, 2 -, 4 -, or
6-IPMC-leg models are applied to characterize the locomotion of
the walking robot.

3.2 Electronics for IPMC Actuation. In this work, for the
controlling of the walking robot, an external control circuit, which
consists of locomotion generator, drive stage, and programming
interface, was designed to generate the control signal and sustain
the power for IPMC actuators. The proposed IPMC leg for walk-
ing robot has absorbed current around 100 mA when it operates.
The instant maximum current, around 200 mA, occurs when the
voltage abruptly changes in square wave control signal. Therefore,
with 6-IPMC-leg model, the maximum absorbed current can rise
up to 1.2 A, when six IPMC legs are simultaneously activated.
However, the other IPMC strips using Nafion-based IPMC actua-
tor [11] required much higher operating current at around 500 mA
and instant maximum current at nearly 1.5 A.

In order to supply that high current control signal to the actua-
tors, a drive stage was designed using an edited H-bridge circuit

(a) Vcc

Out + o o Out -

Programing interface_J C1a S 7

Fig. 7 (a) Detailed schematic of the drive stage for IPMC actua-
tors and (b) populated control circuit for walking robot
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Fig. 9 The speed trial results were obtained for 0.1-1 Hz actua-
tion frequencies. The data points show the steady results,
whereas the error area shows the maximum and minimum trial
speed values.

with bipolar junction transistors PNP 2DB1694 (Q1, Q2) and
NPN 2DD2656 (Q3, Q4), manufactured by Diodes Incorporated.
In Fig. 7(a), the drive transistor resistors are designed as
RI=R2=R3=R4=2 kQ, in order to provide the maximum
supply current of around 2 A, that ensure the power for IPMC
actuators. The drive stage amplifies the current of the sequence
control signal from microcontroller (PIC16F886, 8 bit, manufac-
tured by Microchip Technology, Inc.), but maintains the voltage
gain as one. Two of these drive stage are used to drive 2, 4, or 6
IPMC actuators, which will be explained more detailed in Sec.

041006-6 / Vol. 8, AUGUST 2016

(a) Locomotion of walking robot; (b) sequence control signal for the walking robot

3.3. Finally, through the manual soldering, we created a populated
circuit board with size of 18 mm x 18 mm (Fig. 7(b)). This control
circuit will be connected to the robot’s body by four of 0.05mm
diameter copper wire (Nilaco, Japan) to transfer the control sig-
nals to each IPMC actuators.

3.3 Locomotion Sequence of Walking Robot. IPMC actua-
tor can be considered as the continuum structure because of its
bending motion. Thus, in this paper, we proposed a robot locomo-
tion based on this bending motion to mimic the insect’s walking
motion. In order to design the locomotion sequence for 2-, 4-, and
6-IPMC-leg robots, the simplest locomotion, 2-IPMC-leg locomo-
tion, is first considered as the background for further locomotion
design of 4 -, and 6-IPMC-leg models. The locomotion sequence
of the robot using two IPMC actuators can be demonstrated by
motion of two front legs as in Fig. 8(a). Part (i) is the initial state
where both IPMC legs are touching the ground and then the right
IPMC leg started to bend forward in order to prepare for the next
step. In this step, the right IPMC leg is lift-off, the left IPMC leg
and two rear dummy legs touch the ground that make a triangle
between these three legs. The robot body was designed with the
center of mass stay in this triangle to ensure the robot not collapse
when it walking. In part (ii), the left IPMC leg which is touching
the ground, bend backward (retraction motion) that exert a back-
ward force to the ground, and therefore push the robot moving for-
ward. The left IPMC keep bending backward, lower the robot
body, and push the robot moving forward until the left and right
legs touch the ground like part (iii), just then the right IPMC leg
bend backward to the initial position, lift the body up, and once
again push the robot moving forward. Part (iv) shows the forward
bending motion of left leg back to the initial state. In order to
keep robot move straight forward, part (v)—(ix) repeated the same
procedure in part (i)—(iv), but in a symmetrical way, i.e., the left
leg started to bend first. Fig 8(b) shows the driving signals for two
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Table 1

Walking test

Speed (mm/s) at driving frequency (Hz)

Prototype Size (mm X mm X mm) Weight (g) 0.10 0.13 0.20 0.40 0.50 0.80 1.00
2-leg 18 x 11 x 12 1.26 0.25 0.35 0.48 0.58 0.25 0.18 0.10
4-leg 18 x 11 x 12 1.30 0.47
6-leg 18 x 11 x 12 1.34 0.33

Table 2 Frame capture of walking motion under sequence control signal 5V, 0.13 Hz

Os 20s

IPMC-

leg
robot

LU

40s 60s

IPMC legs to make the bending motion corresponding to the part
(1)—(ix) in Fig. 8(a). These signals were generated by the control
circuit which was showed in Sec. 3.2.

Based on the proposed locomotion for 2-IPMC-leg model, we
designed the locomotion for 4-IPMC-leg robot by keeping two
front IPMC legs, replacing two rear dummy legs by two other
IPMC legs, and applying the same proposed locomotion sequence.
In this prototype, two left legs are designed with the same locomo-
tion sequence and driving signals, as well as two right legs. By
inserting two other IPMC legs into the middle connectors of 4-
IPMC-leg robot and applying the proposed locomotion sequence
to six IPMC actuators, the tripod locomotion, 6-IPMC-leg robot
locomotion can be created, where the left front leg, right middle
leg, and left rear leg have the same locomotion sequence, driving
signal, and vice versa. With 4 -, and 6-IPMC-leg robot locomotion
sequence, the walking robot can have theoretically increased loco-
motive power by double, or triple in comparison with 2-IPMC-leg
model.

4 Experiments

A walking robot prototype has 1.3g weight and 18 mm
length x 11 mm width x 12 mm height and demonstrates walking
motions on the flat ground. A number of ground surfaces were
tested for walking such as paper, metal, plastic, and glass, where
the walking robot showed the slipping or sticking and slowed or
disturbed locomotion. Especially, Teflon surface was chosen

Journal of Mechanisms and Robotics

for walking performance test since it provided good results.
The driving voltage is 5 V square—wave which can cause the larger
deformation, force and faster response for IPMC actuator than the
other signal because of abrupt change between peaks and troughs.

First of all, the regular IPMC legs were applied to walking
robot to test its performance in terrestrial environment. However,
the walking robot using regular IPMC legs showed slipping prob-
lem and losing of the ground contact between IPMC legs and the
ground, which brought the walking robot to standstill in almost
every experiments and reached the maximum speed, about
0.2mm/s at 0.1 Hz in one trial. The walking robot using regular
IPMC showed worse walking results when we increased the driv-
ing frequency.

Subsequently, the walking speed of the simplest model, 2-
IPMC-leg robot with IPMC-PDMS legs, was characterized using
our proposed locomotion sequence (described in Fig. 8(a)) at
actuation frequencies from 0.1 to 1Hz, the results of which are
summarized in Fig. 9. The walking robot showed the walking
speed at about 0.25 mm/s with driving frequency of 0.1 Hz. When
increasing the actuation frequency, the walking speed also
increased. And the optimal driving frequency of 0.4 Hz was
found, where the walking robot walked on average of 0.55 mm/s
and reached the maximum speed at around 0.58 mmy/s in one trial.
On the further frequencies, the walking robot showed fast
decrease in speed due to the small blocking force and displace-
ment of IPMC actuator at higher actuation frequency. As IPMC
actuator performance highly depends on the actuation frequency
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Table 3 Comparison of different types of walking robot

Robot Type of actuator Power (V) Response times (Hz) Speed
HAMR? [17] Piezoelectric actuator 200 20 4.3 cm/s
ARRIpede [24] Electrothermal actuator 25 65 3 mm/s
RoACH [15] SMA 13.6 7.5 3cm/s
MEMS microrobot [13] SMA 3 2 0.325 mm/s
IPMC walking robot IPMC 5 0.4 0.58 mm/s

in Fig. 3, the bigger the actuation frequency we apply to robot sys-
tem, the smaller displacement and force can be generated in order
for obtaining the efficient step at higher frequency (0.5-1Hz).
The walking robot motion at 0.5 Hz is the best evidence for this
reason, at which the robot traveled straight for 15 mm at 0.25 mm/
s before slowing down and standstill.

Then, the walking motion of 4- and 6-IPMC-leg robots are
implemented under low actuation frequency, 0.13 Hz, to charac-
terize their performance, and compare with 2-IPMC-leg model
(Table 1). The 4-IPMC-leg model showed smooth walking motion
in distance of 28 mm in 60s, which is approximately 1.33 times
faster than 2-IPMC-leg robot at the same actuation frequency
(Table 2, second row). This result illustrates that the walking
robot can increase the locomotive power and speed by using
4-IPMC-leg model.

However, the 6-IPMC-leg robot demonstrated a walking speed
of 0.33 mm/s which is almost same to 2-IPMC-leg model (Table 2,
third row). This 6-IPMC-leg model shows the opposite results to
our expectation which supposes to be larger in locomotive power
and speed. The walking performance of the walking robot is
mainly limited by the performances of the IPMC actuators. And it
is expected that the unidentified displacement is caused by the dif-
ference of the IPMC actuators such as its resistance, conductivity
and shape. These differences in performance of IPMC actuator
affected to walking results of 2 -, 4 -, and 6-leg design. Especially,
when a larger number of IPMC legs, 6 legs in this work, were
applied, it showed worse walking performance due to a larger
number of different performance IPMC leg cause a larger restric-
tion force or smaller pushing force than in 2 - or 4-leg design. In
addition, the PDMS coating of the proposed IPMC-PDMS can
enhance the lifetime of IPMC actuator. The PVDF/PVP/PSSA
based IPMC actuator with water as the solvent cannot operate for
too long in air and need to be rehydrated [26]. This is also a limi-
tation for 6-IPMC-leg robot, which requires more time to insert
the IPMC legs into the robot.

The robot walking nearly moves straightforward in almost ev-
ery case. However, the walking robot occasionally moves a little
bit to the left or right. We expected that the different performances
between left and right IPMC legs cause a crooked path of the
walking robot. The effect of connection wires could be ignored
because of its thin, lightweight properties and sufficient force gen-
erated by our fabricated IPMC based PVDF/PVP/PSSA blend
membranes (Table 3).

5 Conclusions

A design and results of a walking robot with 2-, 4-, and 6-
IPMC legs, which is capable of low-power terrestrial walking on
the flat ground, have been presented. This study focuses on
PVDF/PVP/PSSA-based IPMC actuator and design methodology
of the walking robot based on various fundamental experiments
such as bending tests, blocking force tests, and actuating tests on
the effect of amplitude and actuation frequencies to IPMC
response. Our PVDF/PVP/PSSA blend-membrane showed that
the proposed IPMC can sustain and drive the walking robot body.

Despite the limitations mentioned in Sec. 4, the walking robot
with lightweight and simple structure had proved the possibility to
move on the flat ground using selected IPMC actuator, locomotion
sequence, and driving signals. Therefore, the walking robot can be

041006-8 / Vol. 8, AUGUST 2016

a platform for further works forward the fully autonomous IPMC
walking robot. The future work will address the limitations men-
tioned in Sec. 4, including the mechanic works and chemical
works, in order to create an autonomous walking robot capable of
walking in several terrains, forward to the biomedical application.
For instance, the first improvement could be focused on improv-
ing IPMC’s characteristics for longer lifetime in air by changing
from the water based solvent to ionic liquid based solvent.
Another future topic includes the integration of the microcontrol-
ler, sensor, power on the flexible circuit, and changing the
mechanical design of the robot, which capable of controlling of
the leg’s motion curve.
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