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Abstract: This study presents an innovative soft tuning fork-shaped clamp transducer consisting of a clamp with two
fingers and a handle. We successfully fabricated the clamp, made of ionic polymer metal composites (IPMCs) with
nickel electrodes, using a cost-effective micromachining fabrication technique. Further, we conducted experiments to
characterize the electrical and mechanical properties of the IPMC clamp. The clamp can be electrically controlled in an
open or closed state. Between the two front fingers, a largest gap of 2.5 mm and a smallest gap of 0.5 mm were
achieved with an 8 V square wave actuation. The clamp was also demonstrated to continuously pinch an object for 1
min, and the instance in which a sudden external force was exerted on the pinched object could be detected from its

feedback current signal.
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Introduction

lonic polymer metal composites (IPMCs) have been
widely studied for use in biomimic transducers due to
their  promising biomechanical and biomimetic
applications [1-3]. IPMC materials demonstrate
considerable potential as soft robotic actuators, artificial
muscles and dynamic sensors due to their large dynamic
deformation under time-varying electric fields [4-6].

The IPMC transducer is typically constructed as a
planar structure with Nafion (a copolymer of
polytetrafluorethylene (PTFE) and perfluorinated vinyl
ether sulfonate) sandwiched between two plated metal
electrodes. The hydrophobic PTFE provides a
three-dimensional backbone structure, while the
individual side chains orient their hydrophilic-end groups
to shape as clusters, which are easily saturated with
water allowing the cations to move through these
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interstitial regions under an external electrical field.
During actuation, these cations along with water
molecules can move toward the anode of an IPMC
transducer to generate a bending motion [6, 7].
Conventionally, IPMC preparation includes the
ionic polymer formation, initial compositing process, and
surface electroding process [8-10]. After these processes
are completed, the individual IPMC devices are cut
according to designed shapes from the large sheet of the
sandwiched metal/ionomer/metal structure [11, 12]. As

such, relatively large-scale and simple-shaped
planar-structured IPMC actuators are commonly
investigated.

Most reported IPMC devices focused on a

cantilever structure because of the relatively easy
fabrication. Feng and Chen [13] demonstrated the use of
micromachining technology to create arbitrary-shaped
IPMC transducers to accurately shape
micro-feature-sized devices without knife cutting or laser
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burning. In addition, Feng and Tsai successfully fabricated
column-structured three-dimensional four-electrode
IPMC actuators with an optical fiber enclosed to conduct
laser light for surgical applications [14]. Recently, the
uniqgue IPMC tweezers made by using the
microfabrication technique of arbitrary shaping and
three-dimensional  multi-electrode  motion  control
concept have been demonstrated [15]. The tweezers
consist of two main parts: a motion element and a
clamping head. With novel multiple electrodes design,
the clamping head can move multi-directionally, and it
can also provide an adjustable clasping force through
electrical voltage control.

Research has also focused on fabricating
electrodes of IPMCs with versatile materials. Platinum is
the most common material used for electrodes because
of its stability and excellent conductivity. Park and Kim
[16], however, recently reported a multi-field responsive
IPMC using nickel as the electrode material due to its
ability to respond to multiple driving forces, such as
electric and magnetic. Another benefit of using nickel is
replacing precious metals (e.g., platinum or gold) to
reduce the cost of the fabrication process.

This paper presents our successful attempt to
develop a three-dimensional multi-electrode IPMC clamp
with tuning fork-shaped construction. Nickel was applied
as the electrode material to achieve the most
cost-effective device. The detailed design, fabrication,
and testing results are described in the following section.

Device Design and Working Principle

Figure 1 shows the prototype design of the tuning
fork-shaped IPMC clamp. The entire length of the device
is 15 mm with a uniform thickness of 2 mm. It is
composed of two portions: a U-type active clamp and a
column handle. The clamp and column handle portion
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were each designed to be half the length of the device.
The active clamp was designed with longer fingers and
with larger width and thickness than previously reported
transducers [15]. The purpose of this design was to
enable greater force output of the U-type clamp through
larger displacement. The handle part plays the role of
structurally merging the two fingers of the clamp, and is
also responsible for the electrical signal transmission
from the actuating power source to the fingers.

Three active electrodes were fabricated in this
novel clamp transducer. One electrode was plated on the
inner surface of the clamp portion; the other two
electrodes were plated onto the individual outer surface
of the clamp portion. Three narrow-plated metal
electrodes plated on the handle part of the device
functioned as the wire to connect active electrodes to
the power source (Figure 1). To operate the tuning
fork-shaped clamp, the two outer surface electrodes
were connected, and the driving signals were sent to the
outer and inner surface electrodes of the device.

U-type clamp Fingers
K\[
2mm
Column handle '{:\\
\ g e
.x'fl
0.4mm ) Nl
0.4mm Electrode connected to
the top outer surface of
the transducer
(a)
Metal
Fingers

/

Electrode connected to the inner
surface of the transducer
(b)
Fingers

Electrode connected to the
bottom outer surface of the
transducer

(c)

Metal

Figure 1. Schematic diagram of the tuning fork-shaped IPMC clamp.
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Figure 2. Fabricated PDMS mold for processing tuning fork-shaped
Nafion devices.

Device Fabrication

A 1mm deep cavity was constructed on a flat plane
by gluing glass slides around a 10cm x 10cm glass plate,
making the walls of the 1mm cavity. This was followed by
pipetting SU8-100 photoresist to fill the cavity. A
1um-thick parylene membrane was conformally coated
on the glass cavity to prevent SU8-formed templates
from sticking on the glass mold during subsequent
removal. After soft baking, SU8 was patterned as the
designed templates, including a device region for
creating the tuning fork-shaped IPMC clamps and a refill
region to replenish the liquid Nafion solution. Following
this, two identical SU8 templates peeled from the glass
cavity were aligned, and instant glue was applied to join
the templates to complete a 2-um-thick template with
multiple distinct tuning fork-shaped IPMC devices. Next,
the 2um-thick SU8 template was glued to the center
region of another 10 cm x 10 cm glass plate, and
4-mm-thick glass slides were glued around the glass plate
to form a cavity with the SU8 template inside. Liquid
PDMS was poured to fill the cavity, while being careful to
avoid the formation of air bubbles at the liquid
PDMS/SU8 template interface. The shaped PDMS mold
was solidified at room temperature after 12 h, and was
subsequently removed from the glass cavity.

The PDMS mold was glued to a 10 cm x 10 cm glass
plate for subsequent Nafion device fabrication (Figure2).
A thin parylene was deposited onto the entire unit, done
so for the following two purposes: 1) reducing the
surface adhesion force between the liquid Nafion
solution and the PDMS mold to enable the device to
maintain a planar upper surface [12]; and 2) easy peeling
of the solidified Nafion devices from the PDMS mold.
Liquid Nafion was then added into the refill region to fill
the whole mold. The poured Nafion solution solidified
after approximately one and a half hours. The shaped
Nafion element was removed, and the refill region was
sliced to obtain Nafion devices of various designs.

Figure 3 illustrates the fabrication process to form
multiple electrodes on the device. A piece of patterned
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tape was attached to the Nafion device as the shadow
mask to define the inactive regions of the transducer.
The tape was patterned using a laser-machining tool
controlled by a computer. AZ5214 photoresist was then
sprayed onto the tape-attached Nafion device to form
the selective protection layer. The shadow mask was
subsequently removed, and chemical electroding
processing was executed to plate nickel electrodes on the
active regions of the clamp transducer.

The nickel plating procedure is as follows: The
concentration of 1 M nickel sulfate solution was first
prepared by adding 39.42 g nickel sulphate pellets into
150 g deionized water at room temperature. The
processed Nafion devices were immersed in the solution
for 12 h, and then washed with deionized water for
further reduction reaction. An amount of 20 mg LiBH,
powder was added into 30 g deionized water. After
proper agitation to form a homogeneous solution, the
devices were immersed in the solution. The reaction was
performed for 2 h, followed by another 2 h reduction
process through replacing a new LiBH, reduction solution.
As a final step, the processed transducers were treated
with sodium hydroxide solution for 12 h to perform both
ion-exchange processing and patterned photoresist
removal. After this step, the tuning fork-shaped IPMC
clamp was completed and ready for testing. Figure 4
shows the fabrication result of the IPMC clamp.

/

1. Attach patterned tape onto
the solidified Nafion device.

4

4. Add LiBH, agent for
reduction.

5. Immerse into NaOH
solution 12 hours for
ion-exchange.

6. Finished IPMC clamp

2. Apply photoresist to the
selective area of the device.

3. Immerse the device into

Nickel Sulfate solution for transducer.
12 hours.
Figure 3. Fabrication process of nickel-electrode IPMC clamp

transducers.
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Figure 4. Photographs of the fabricated IPMC clamp from different
viewpoints.

Experimental Methods

Two experiments were designed to evaluate the
performance of the developed IPMC clamps: 1) actuating
the IPMC clamp without interactions with external
objects, that is, only driving the transducer to reach an
open or closed state; and 2) actuating the transducer to
clamp an external object, with the clamped object being
intentionally removed by a sudden external force. This
was conducted to simulate the biomimetic behavior of
humans of using the thumb and forefinger to pinch an
object, and when an external applied force grabs that
object away suddenly. The electrical property and
dynamic motion of the IPMC clamp were recorded
during the experiments.

To operate the IPMC clamp transducer, a tool with
three electrode pads was used to anchor the developed
IPMC clamp and transmit control signals (Figure 5). The
tool was commercially available metal tweezers that
maintained a closed state with no external force applied.
Three electrical pads made with trimmed conductive
copper tape were aligned to the electrode locations of
the IPMC clamp and glued to the front end of the
tweezers. To prevent a short circuit, scotch tape was
applied to the copper tape/tweezers interface as an
insulation layer. Wires were individually soldered to the
three copper tape electrodes to connect driving signals
from a function generator. The electric conductivity was
assessed before testing to ensure that the control signal
could be transmitted to the device from the function
generator.

Function DC power Fixture for  Circuitry for

v

CCD camera  Microscope

generator supply IPMC clamp characterization
A 7

A/D convertor
—

Computer for
recording data

Figure 5. Experimental setup for characterizing the performance of the fabricated IPMC transducers.
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A simple and useful circuitry, as described in [2],
was set up to drive the device and acquire the current
consumption and voltage drop across the IPMC
transducer. An appropriate resistor of 3.3 Q was selected
to connect in series with the IPMC clamp in this case. The
proper resistance value allows the voltage drops across
the selected resistor and IPMC device to be of the same
degree, meaning the voltage drop across the resistor is
not too small for acquisition.

The dynamic motion of the IPMC clamp was
characterized using the setup of a microscope with a
high-resolution CCD video camera [9]. The camera
captured images of the motion of the side profile of the
fabricated [IPMC clamp (i.e., in the direction
perpendicular to the electrodes) with a frame rate of 10
fps. The captured images could be further analyzed using
commercial software to delineate the displacement of a
specified point on the transducer with a displacement
resolution of 10 um.

In the first experiment, we used 0.01 Hz square
waves with amplitudes of 4 V and 8 V (zero voltage bias)
supplied by a function generator as the driving signals.
Figure 6 indicates three specific points that characterized
the displacement in the first experiment. Points A and B
are located at the frontend middle points of the upper
and lower fingers. Point C is positioned at the middle
point of the handle part, which is 2 mm away from the
inner edge of the U-type clamp. An actuating DC voltage
of 4 V provided by a power supply was used in the
second experiment. The external object used in the
second experiment was a soft small column made of
PDMS with the dimensions of 1.2 mm x 1 mm x 1 mm.
The small PDMS column was horizontally placed close to
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the front end of the lower finger before the actuating
signal was applied to the IPMC clamp. In both
experiments, a 3.5-mm-long backend portion of the
handle of the transducer was anchored to the fixture.

Figure 6. lllustration of three specific points to measure the
displacements of the IPMC clamp.

Results and Discussion

Figure 7 shows the measured voltages across and
currents flowing through the transducer when 4 V and 8
V driving signals were provided. During actuation of the
IPMC clamp, the polarity switching and the polarity of
the 0.01 Hz square wave were unspecified when turning
on the function generator. Hence, the driving voltages
across the transducer exhibited a positive value and a
negative value during application of external voltages of
4V and 8V, respectively. In addition, the first switching
points occurred at approximately 35 s and 20 s, and
switched the polarities every alternate 50 s for the 4 V
and 8 V cases. The consuming current of the transducer
and voltage across the transducer were proportional to
the external applied voltages when reaching a steady
state.

0.1
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0% 50 100 150
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Figure 7. (a) and (c): voltages across the IPMC transducer for external applied voltages of 4 V and 8 V, respectively. (b) and (d): the corresponding

currents flowing through the IPMC transducer.

@

www.ausmt.or,

59

AUSMT Vol. 2 No. 1 (2012)

Copyright © 2012 International Journal of Automation and Smart Technology


http://www.ausmt.org/

[o[IL/\W.NJN[6R Development of Tuning Fork-shaped Clamps with Nickel-electroded lonic Polymer Metal Composites

+{|®—¢—o PointB s-32 s. Moreover, the displacement of point A exhibited a
relatively small value compared to point B.

Valuable information was obtained after assessing
the displacement at point C. The unsymmetrical design
caused the displacement at point C to vary as a function
of time. The same displacement trend was observed in
points B and C before the first polarity switching (for
both 4 V and 8 V) and obviously for the larger actuation
voltage case after switching. Results indicate the crucial
role of the connected electrodes traveling through the

04 fe_e—@ PoniA é However, a downward displacement was displayed in 22

Point C

Displacement (mm)

-~ % side surfaces of the transducer and their possessing of

- various layouts. The middle connected electrode design

-0.6 \ ‘ \ \ on the lower handle part of the transducer induced a

0 40 80 120 larger motion effect than the two-side electrode design

Operation time (sec) . .

(@) on the upper handle part, especially at the neck region of

15 the transducer (close to the end portion of two fingers).
: . 8@ FointA . . .

| Q o o & PointB This may be a valuable topic for further exploration.

+ 4+ PointC However, because this paper focuses on the

development of the novel IPMC clamp, this discussion
will be presented in the following papers.
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Figure 8. Measured displacements (positive downward) at three A
N ) - ", - 0.04 1

specific points (ref. Figure 6) based on the driving conditions shown in ) ) e
Figure 7 g Transducer’s fingers

’ < 0.03 clamp the object The object was

. . = ricked out

Figure 8 shows the measured displacement results S o002 e
of points A, B, and C, which correspond to the driving :t,
. N . . ) 0.01
signals shown in Figure 7. The coordinate is defined as ©
positive down in this study. We observed the motion at 0 ——
point B exactly as expected, moving upward (i.e., toward 0.01 (e)
a fully closed clamp state) when positive voltage was o 20 40 €0 80 100 120 140 160 180
applied to the outer electrodes of the clamp and moving Operation time (s)
downward when negative voltage was applied to the Figure 9. Photographs of the IPMC transducer interacting with an object:
outer electrodes of clamp. This was caused by the (a) Initial state; (b) Clamping an object; (c) Squeezing the object; (d) The
hydrocations moving toward the cathode of the IPMC object being pulled out by a sudden force; (e) The corresponding

. . . feedback current response in the process (a)-(d).
transducer [8]. Point A shows the motion as expected in P P fa-d)

the interval between 35 s and 85 s and between 32 s and Figure 9 demonstrates that the developed IPMC
72sforthe 4 Vand 8V cases, respectively. The two time clamp successfully clamped a soft object. Initially, the
intervals were within the second-half period of the object was placed on the lower finger of the clamp. The
driving square wave. For the 8 V case, the second-half fingers clamped the object at 60 s after a DC 4 V was
period of actuating signal (22 s-72 s) was supposed to applied (Figure 9(b)). Subsequently, the clamp
cause the clamp to approach a fully closed state. continuously supplied force to squeeze the object. The
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object was intentionally pulled out at approximately 128s
(Figure 9(d)). This test demonstrated that the squeezing
behavior of the IPMC clamp lasted for more than 1 min.
In addition, our earlier work [13] suggested that the
current signal could be an excellent sensing signal for
identifying the behavior of IPMC transducers. This was
verified by assessing the current flowing through the
transducer (Figure 9(e)). We monitored the moment of
the object being clamped and pulled out using the
feedback current signal.

Conclusion

A novel tuning fork-shaped IPMC clamp was
designed, fabricated, and tested. The clamp transducer
was successfully developed using a cost-effective
nickel-plating technique along with a micromachining
process. According to experimental results, clamping
on/off motions were observed, and the maximum
displacement between the two fingers of the clamp
reached 2 mm at a square wave of amplitude 8 V
actuation. The two fingers of the clamp exhibited
different dynamic behaviors due to unsymmetrical design,
which requires further investigation. The developed
IPMC clamp also demonstrated the ability to pinch an
object for more than 1 min. This may be useful in soft
robotics and other applications.
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