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Because of the power density advantages of fluid
power systems, many researchers have developed
microactuators using homogeneous electrorheological
(ER) fluids (ERFs) for applications to various micro-
machines. An ER valve, as a critical component of the
ER actuator, can control ERF flow by the apparent vis-
cosity increase resulting from the applied electric field
without any mechanical moving parts. Hence, it is ad-
equate for the miniaturization of a fluidic microactua-
tor. However, it is not easy to integrate rigid ER valves
into soft microrobots. To overcome these limitations,
we developed a novel elastic ER microarm using flex-
ible ER valves (FERVs5) in this study. Each microarm
consists of an FERY, a movable chamber, and a dis-
placement constraint element, so that it bends with
the inner pressure controlled by the FERV. We pro-
posed and developed a micro-electromechanical sys-
tem fabrication process for the FERV, movable cham-
ber, and displacement constraint element. By utiliz-
ing the proposed method, we successfully fabricate a
FERV-integrated microarm. The characteristics of the
FERYV were experimentally clarified. In addition, the
bending motion of the FERV-integrated microarm was
demonstrated by experiments and verified by finite-
element method simulation. This ER microarm was
shown to be feasible for an ER microgripper composed
of multiple microarms.

Keywords: electrorheological fluid (ERF), microgripper,
soft actuator, fluid power control, MEMS

1. Introduction

Micromachines with high power volume density have
attracted great interest in new industrial and medical ap-
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plications [1-4]. Although fluid-powered microactua-
tors are very effective in applications requiring high out-
put power by considering scaling laws [5, 6], many at-
tempts have been made to develop piezoelectric [7, 8],
electrostatic [9], electromagnetic [10], and thermal mi-
croactutors [11] for this purpose during recent decades.
This trend is the reason why it is difficult to realize very
small hydraulic systems (micropumps, microvalves, mi-
crocylinders, and so on) by considering the difficulties
of microfabrication, microassembly, friction, wear, and
leakage. Despite the difficulties in realization, we are in-
terested in fluidic microactuators because of the potential
advantage of providing high output power for microsys-
tems [12—14].

To realize a fluidic microactuator, three approaches
were used in this study: 1) micro-electromechanical sys-
tem (MEMS) fabrication technology, 2) electrorheologi-
cal (ER) fluid (ERF) as a functional and working fluid,
and 3) an elastic fluidic microactuator.

MEMS technology is based on modified semiconduc-
tor fabrication techniques to create very small mechan-
ical devices. Therefore, MEMS fabrication technology
is an effective candidate to make small constituent parts
and small overall systems without any additional assem-
bly processes [15, 16].

The easiest way to overcome the issues of friction,
wear, and leakage in fluidic microdevices is not to uti-
lize any mechanical moving parts. For this purpose, an
ERF is worth investigating. An ERF is a functional fluid
that increases its apparent viscosity subjected to an elec-
tric field. There are mainly two types: a suspension ERF
and a homogeneous ERF [17]. The suspended ERF has
extremely fine particles that can induce the chains or clus-
ters of particles at the applied electric field [18], so it is
not desirable in a microchannel because of the clogging
of particles [19,20]. The ER fluid having the highest per-
formance, the giant ER fluid (GERF) reported in 2003,
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Fig. 1. Schematic diagram and working principle of an ER
valve (ER effect is a phenomenon to increase the apparent
viscosity when subjected to an electric field).

can have much higher sustainability than other ERFs, but
it has a significant concern because of the use of a strong
organic acid for the preparation [21]. However, a homo-
geneous ERF, such as a nematic liquid crystal (LC), can
make its rodlike molecules rotate to the direction that in-
creases its apparent viscosity under the electric field, as
shown in Figs. 1(a) and (b). Because of the characteris-
tics of its ER effect and no concern about clogging, the LC
was used in this study. By using the ER effect, the LC flow
between a pair of parallel-plate electrodes can be easily
controlled by the applied voltage, as shown in Figs. 1(c)
and (d). The flow control device is the ER valve and can
be miniaturized with a simple structure without moving
parts [22]. A flexible ER microvalve called as a FERV
was proposed and developed for flexible and soft microac-
tuators [23,24]. The FERV consists of a thin cantilever
structure made of SU-8 (MicroChem Corp.) for fluidic
channels and thin metallic films for electrodes. Because
of the thin cantilever shape and high elasticity of the plas-
tic material (SU-8) [25, 26], the FERV can easily bend in
the thickness direction because of the external force [23].

Elastic fluidic microactuators provide another method
to avoid the issues of friction, wear, and leakage. They
are defined as flexible or soft microactuators with at least
one component that is elastically deformed by the ap-
plied pressure. Because it is challenging to fabricate low-
friction microseals, microsized piston-cylinder-type mi-
croactuators are rare. However, there are no friction, wear,
or sealing issues in elastic fluidic microactuators, because
they do not have any sliding parts.

Based on these three approaches, a novel FERV-
integrated microarm using the LC as a working ERF was
developed. In this work, first, the static and dynamic
characteristics of the FERV are described. Second, a
microarm based on the FERV that was realized for the
FERV-integrated microgripper is described. Its feasibil-
ity was investigated experimentally. Furthermore, the
finite-element method (FEM) was used to compare exper-
imental results with simulations to verify the motion of a
MEMS-fabricated microarm having an FERV.
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Fig. 2. Proposed ER microarm for the ER microgripper.
(a) The ER microarm consists of an FERV, a movable cham-
ber, and a displacement constraint element. The chamber
pressure can be controlled by the FERV. (b) Because of a
displacement constraint element, the swelling deformation
by increased chamber pressure is transformed to the bend-
ing motion.

2. Concept of an FERV-Integrated Microarm
for a Microgripper

Several microgrippers have been proposed using piezo-
electric elements [27], shape memory alloys [28], elec-
trothermal effects [29], electroactive polymers [30,31],
and so on. Different from the attempts mentioned above,
this study focused on a MEMS-fabricated elastic ER mi-
crogripper mounted on an in-pipe working microrobot
that can handle objects softly and stably for maintenance
of small pipes with 10-mm diameter [24].

The ER microgripper in this study consists of two flex-
ible ER microactuators that can perform bending motion
and executes the gripping operation by installing and driv-
ing the ER microactuators in opposition. The ER mi-
croactuator constituting the gripper is referred to as an
“ER microarm.” The composition of the ER microarm
(9.2 mm in length, 6 mm in width, and 1 mm in thickness)
is shown in Fig. 2(a). The ER microarm is composed of
three elements: a movable chamber, a displacement con-
straint element, and an FERV. 1) The movable chamber is
a flexible element that expands as a moving part. 2) The
displacement constraint element is for converting the ex-
pansion of the movable chamber caused by the FERV-
controlled pressure into a bending motion. 3) The FERV
controls the internal pressure of the movable chamber.
These elements are separately fabricated by MEMS tech-
nology and assembled manually. The FERYV is attached to
the bottom inside of the movable chamber, while the dis-
placement constraint element adheres to the top surface of
the chamber, as shown at the left of Fig. 2(a).

To control the internal pressure of the ER microarm
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with a sufficient pressure change, a corresponding length
of the ER microvalve is required in the fluidic microchan-
nel. If this ER microvalve is rigid [22], its rigidity inter-
feres with the soft movement of the flexible actuator itself.
However, if it is a FERYV, it is possible to accommodate a
long ER microvalve in the movable chamber [23]. Be-
cause of the flexibility of these three elements, it is possi-
ble to obtain bending flexibility in the thickness direction
of the ER microarm. By using an external pump, the ERF
is supplied into the ER microarm, as shown at the right
of Fig. 2(a). As shown in Fig. 2(b), the FERV can con-
trol the internal pressure of the ER microarm because of
the apparent viscosity change of the ERF by applying a
voltage between the electrode pairs allocated in the flu-
idic channel in the FERV. When the internal pressure is
increased, the movable chamber expands in the thickness
direction. At this point, one side of the ER microarm is
restricted by the displacement constraint element, gener-
ating the bending motion resulting from the geometric
asymmetry, as shown in Fig. 2(b). The ER microarm
bends, forming an open state of the ER microgripper. By
arranging these two ER microarms, an ER microgripper
can be realized.

For the miniaturization of the system, it is recom-
mended that the ER microgripper be integrated with a
piezoelectric micropump as a microfluid power source.
This has been proposed and developed by using the fluid
inertia effect in a pipe [32]. The fabricated micropump
is 2.3 cm? in volume and can produce fluid power up to
0.16 W for pumping viscous silicone oil, such as an ERF,
which is sufficient to drive many microarms.

3. Flexible ER Microvalve (FERV)

3.1. SU-8 Cantilever-Type FERV

An FERV was developed by utilizing a negative pho-
toresist, SU-8 (MicroChem Corp.), as a structural ma-
terial. There are two main necessary conditions for the
FERV: 1) flexibility and 2) controllability. For exam-
ple, rubber is inadequate for the FERV, because it satis-
fies flexibility but not controllability. Pressurized fluidic
microchannels made of rubber change the electrode gap
caused by deformation, so that one cannot control pres-
sure by using an applied voltage.

However, the epoxy resin photoresist SU-8 is a proper
material for the FERV.

« Microstructures can be easily formed by SU-8 pho-
tolithographic patterning. It is suitable for manu-
facturing a precise microstructure with good repro-
ducibility.

« SU-8 is a material with appropriate flexibility as a
cantilever structure. The Young’s modulus is re-
ported to be between 2 and 5 GPa, as measured
by experiments [25,26]. SU-8 is softer than sili-
con (190 GPa) but much harder than silicone rub-
ber (2 MPa). If a thin cantilever structure is made of
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Fig. 3. Flow chart of MEMS fabrication processes of an FERV.

SU-8, it can be bent with appropriate flexibility while
maintaining the channel height without deformation
by internal pressure.

 The crosslinked SU-8 is chemically stable [33]. It is
highly compatible with ERF.

In this study, it was decided to utilize a two-port FERV,
because the two-port one can be installed in a wider fluidic
channel at the same width as the FERYV, obtaining a higher
flow rate with respect to the same differential pressure of
the FERV. This higher flow rate can contribute to the high
response of the FERV-integrated microarm.

3.2. MEMS Fabrication of FERVs

A chart of the FERV fabrication processes is shown in
Fig. 3. Because an FERYV is a complex three-dimensional
structure, it is difficult to realize by two-dimensional fab-
rication, such as surface micromachining. First, two dif-
ferent wafers are fabricated independently. One has the
upper electrode of the FERV on a thin SU-8 top structure,
while the other has the lower electrode and the walls for
fluidic channels on the thin SU-8 bottom structure. Then,
these two separately fabricated wafers are bonded by non-
soft-baked SU-8 as an adhesive. For testing the FERVs, it
is necessary to wire the device electrically. The electrode
pads on the top structure and the bottom structure are de-
signed to be shifted with each other, so they are still open
to the connection, even after bonding. The MEMS fab-
rication procedure with the assembly is divided into four
main steps.

1) Patterning the top and bottom structures with the elec-
trodes of the FERV.

The first step of the FERV fabrication is almost the
same process for both the upper wafer and the lower
one. A fluorocarbon as a sacrificial layer is formed on
the glass wafer (radio frequency power: 50 W, pres-
sure: 225 mTorr, flow rate: 40 sccm, and discharge
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2)

3)

Table 1. Process conditions of SU-8 patterning.

time: 10 min). Then, SU-8 is patterned to form the top
and bottom structures (Table 1). The metal electrodes
are deposited and patterned on the thin SU-8 structure
by photolithography (Table 2) and wet chemical etch-
ing.

Spin-coating SU-8 for bonding to the top structure and
patterning the wall of the fluidic channel on the bottom
structure.

A thin SU-8 layer is spin-coated on the upper wafer,
serving as the bonding layer between two wafers. A
thick SU-8 structure is patterned on the upper wafer to
be the wall of the fluidic channel with the target thick-
ness of 100 um.

Bonding two wafers.

Two wafers prepared separately are aligned and at-
tached together. Thereafter, using the electrode pat-
tern formed on the top structure as an ultraviolet (UV)
shielding material, the SU-8 for bonding is crosslinked
and connected with the channel walls on the bottom
structure by UV light and postexposure baking by us-
ing the process conditions (Table 3). SU-8 on the elec-
trode of the upper wafer is not exposed to UV and
dissolved in developing solution, so the electrode can
contact the ERF in the fluidic channel.

336

Table 2. Process conditions of positive photoresist (S-1805).

Table 3. Process conditions of SU-8 bonding.

20 s X 5 times

(each of top and bottom)

4) Peeling the FERV from the wafers.

After completing the SU-8 bonding, the fabricated
FERV is physically peeled from the fluorocarbon layer
by using a keen utility knife (SAC-1, OLFA Corp.) and
removed.
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Fig. 4. Experimental apparatus for evaluating the character-
istics of FERVs.

3.3. Experimental Apparatus for the FERV
Characteristics

A schematic diagram of the experimental apparatus is
shown in Fig. 4. As the working fluid, nematic liquid
crystal (MLC-6457-000, Merck Ltd., Japan) was utilized
as a homogeneous ERF, because it has a low base viscos-
ity and is superior in the static and dynamic characteristics
of the ER effect. As the main physical properties of MLC-
6457-000, the density is 0.99 x 103 kg/rn3, and the base
viscosity is 23 mPa-s. To remove the air in the pipeline
of the experimental apparatus sufficiently, degassing was
carried out in the vacuum chamber.

For the static characteristics of the FERYV, the ER ef-
fect (kgr), which represents the ratio of the maximum vis-
cosity at the maximum electric field to the base viscosity
without the applied electric field, was utilized. The vis-
cosity of ERF was proportional to the slope of the graph,
setting flow rate on the horizontal axis and differential
pressure on the vertical axis. The flow rate of the fabri-
cated FERV was calculated from the weight of discharged
ERF in unit time using the electronic balance, while the
differential pressure was measured using semiconductor-
type pressure sensors (KH15, Nagano Keiki Co., Ltd.).

For the dynamic characteristics of the FERYV, the step
response of controlled pressure was investigated when a
step input of 5 kV/mm was applied. In the experimental
apparatus, a large flow resistance was given by a throttle
valve allocated in the upstream of the FERV to reduce
the proportion of the flow rate, which was affected by the
pressure change of the FERV during the experiment.

3.4. Large Model Prototype of the Two-Port FERV

Since considerable time and effort are needed to obtain
the proper MEMS fabrication conditions in general, we
fabricated a large model prototype to clarify the feasibility
of the proposed MEMS fabrication and FERV for the ER
microarm. The schematic and designed value of the large
model prototype of the FERV are shown in Fig. 5(a). The
main dimensions are: electrode width, Bggp = 0.6 mm;
electrode length, Lgg = 5 mm; and channel height, Hgg =
100 um. The overall size was 13 mm in length, 4 mm
in width, and 0.2 mm in height. It did not need delicate
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Fig. 6. Static characteristics of the large model prototype of
the FERV.

fabrication conditions because of the huge bonding area
between the top structure and channel wall.

By using the MEMS process shown in Fig. 3, the
large model was successfully fabricated, as shown in
Fig. 5(b). The measured channel height of the fabricated
large model was Hgg = 128 um. Experiments were car-
ried out by attaching polymer tubes (outer diameter of
4 mm and inner diameter of 2.5 mm) to the supply port
and the drain port with an epoxy adhesive.

The static characteristics experiment confirmed that the
fabricated large model FERV could change the valve dif-
ferential pressure by the applied electric field, as previous
rigid ER valves (RERVs) could. The ER effect obtained
from the experimental results of this FERV was 6.2, as
shown in Fig. 6, while the one of the RERV was 6.5. This
comparison demonstrates that the ER effect is almost the
same between the FERV and RERV.
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By using the same configuration of the experimental
apparatus (Fig. 4), the differential pressure response of
the FERV was measured and evaluated when a stepped
electric field with an amplitude of 5 kV/mm was applied.
The experimental results are shown in Fig. 7. The rise
times for step up and down were 0.10 s and 0.06 s, re-
spectively, with respect to a step function whose applied
electric field was 5 kV/mm at a flow rate of 20 mm?/s.

3.5. FERY for the Microarm and its
Characteristics

Because the previous large model prototype of a two-
port FERV (Fig. 5) had a total length of 17 mm and a
total width of 6 mm, it was too large to apply to a soft
microgripper mounted on a micromachine that works in
a pipe of approximately 10-mm diameter, which is one of
the promising applications of MEMS technology [24, 34].
Therefore, the size was reduced, and a two-port FERV
was designed that was 7 mm in length and 2 mm in width
for the flexible microgripper, as shown in Fig. 8(a). If
the cross-sectional area of the microchannel for the FERV
becomes smaller, the flow velocity relatively increases for
the same flow rate, leading to a lower ER effect. However,
the lower wall height of the channel reduces the bend-
ing stiffness. Also, a larger wall width is necessary for
stronger bonding between the top structure and channel
wall. Setting the ER effect similar to that of a previous
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RERV (kggr = 6.5) and considering the structure, we de-
cided to set 0.8 mm and 0.1 mm for the channel width
and height, respectively. Finally, the electrode length was
determined to be 4 mm as long as possible against the to-
tal length, because a shorter electrode leads to a lower ER
effect.

By using the MEMS fabrication process (Fig. 3), the
two-port FERV for the microgripper was successfully fab-
ricated, as shown in Fig. 8(b). The static and dynamic
characteristics of the FERV were measured and evaluated
using the experimental apparatus shown in Fig. 4. The
measured static characteristics are shown in Fig. 9. No
leakage of the ERF was observed, and its ER effect was

Journal of Robotics and Mechatronics Vol.32 No.2, 2020



120 T T T T T
E Step up: +5 kV/mm
3 100 —— 5mm’s
o N 3 /’/ﬁ~
; 80 20 mm/s o

/
[}
© 60} /
o /
/
8 4ot /
(i S—
€ 20
e}
O 0 Il Il Il Il Il
4.5 5.0 5.5 6.0 6.5 7.0
Time [s]
()

— 120 T T T T T
©
Q Step down: +5 kV/mm
X, 100 | ,
) A —5mm’/s
7 80t ——— 20 mm°s
? \
o
a 60 \
3
S 40t AN
5 T —
S 20}
O

245 250 255 260 265 270
Time [s]
(b

Fig. 10. Dynamic characteristics of the two-port FERV for
the microarm: (a) step-up response and (b) step-down re-
sponse.

6.7, which is similar to the 6.2 of the large model proto-
type. It was clarified that the fabricated two-port FERV
can control the pressure, with the applied voltage and
static characteristics normalized by the size being almost
the same as the previous ones [23].

Figure 10 shows the measured step responses of the
FERV when a stepped electric field with an amplitude of
5 kV/mm was applied. The rise times of step up and
down were 0.23 s and 0.20 s, respectively. The reason
for a slightly lower response was thought to be the resid-
ual bubbles in the hydraulic circuit, the volume of which
caused it to decrease gradually as pressure increased.

4. FERV-Integrated Microarm for the ER
Microgripper

4.1. Fabrication of the FERV-Integrated Microarm

A FERV-integrated microarm was designed for the ER
microgripper. The movable chamber was made of poly-
dimethylsiloxane (PDMS), which features high flexibility
as a kind of silicone rubber, ease of high-precision fabri-
cation by molding, and chemical robustness against work-
ing fluids. To realize the FERV-integrated microarm, the
individually fabricated top and bottom parts were bonded
with a FERV inside, as shown at the right of Fig. 11. A

Journal of Robotics and Mechatronics Vol.32 No.2, 2020

Flexible Microvalve-Integrated Microarm for Microgrippers

(b) Movable chamber (bottom)
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5. Completed

nickel sheet as a displacement constraint element was at-
tached to the top of the movable chamber, as shown in
Fig. 12.

Schematics and dimensions of the top and bottom parts
of the movable chamber are shown in Fig. 11. The mold-
ing process based on photolithography was performed in
three steps, as shown in Fig. 13.

1) Micromold forming: SU-8 layers as micromolds
are patterned on wafers for the top part and the bot-
tom one.

2) PDMS molding: PDMS materials are poured into
the SU-8 micromolds and baked. Then, they are
peeled from the wafers.
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Fig. 14. Fabricated and assembled movable chamber.

3) Bonding of the top and bottom parts for the mov-
able chamber: An adhesive PDMS layer is put on
the bottom part. Then, the top and bottom parts are
aligned, attached, and baked.

The parts were separately fabricated, and the movable
chamber was successfully formed, as shown in Fig. 14.
By using the proposed MEMS fabrication process of the
nickel electroplating on the seed layer of deposited cop-
per through the SU-8 patterned micromold, as shown in
Fig. 12, the displacement constraint element was also
successfully fabricated. The measured thickness of the
displacement constraint element, as shown at the bottom
right of Fig. 12, was 20 pym.

4.2. Characteristics of the FERV-Integrated
Microarm

To investigate the leakage or tolerance, preliminary ex-
periments using pneumatic pressure were performed, and
the allowable pressure was confirmed to be higher than
100 kPa, as shown in Fig. 15.

The requirements of the displacement constraint ele-
ment are severe and critical. The displacement constraint
element should be sufficiently strong to restrain the elon-
gation of the cantilever-shaped microarm, while it must
be sufficiently flexible to prevent the bending motion. To
satisfy these requirements, a thin nickel structure (20 um
in thickness) was adopted for the displacement constraint
element. The Young’s moduli of SU-8 and nickel are
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(b)

Fig. 15. Movable chamber expanded by air pressure:
(a) supply pressure, 0 kPa, and (b) supply pressure, 100 kPa.

1 I
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Fig. 16. Fabricated FERV-integrated microarm and its mo-
tion: (a) initial position and (b) 100 um in bending displace-
ment at the differential pressure of 50 kPa controlled by the
FERV.

4 GPa and 200 GPa, respectively. Therefore, the calcu-
lated bending stiffness of the displacement constraint el-
ement was approximately 8% (4.3 x 10~/ Nm?) of the
FERV bending stiffness (5.1 x 107® Nm?). By attach-
ing the displacement constraint element on the movable
chamber with the FERV inside, the FERV-integrated mi-
croarm was assembled. The fabricated arm and its motion
are shown in Fig. 16. An approximately 100-yum bend-
ing displacement was obtained at a differential pressure
of 50 kPa controlled by the FERV. The bending motion of
the fabricated arm combined with the developed parts was
successfully demonstrated.

Although this study shows the feasibility of the ER mi-
croarm, from a practical point of view, the displacement
of the fabricated ER microarm is not sufficient for it to
be applicable to a soft microgripper mounted on a micro-
machine that works in a pipe of approximately 10-mm
diameter. This is the reason why the FERV made of SU-8
is harder than the PDMS movable chamber. Therefore, it
is necessary to realize a novel FERV by utilizing a lower
Young’s modulus of materials or thinner structures.
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4.3. Simulation of the FERV-Integrated Microarm

To verify the experimental result of the fabricated
FERV-integrated microarm for the microgripper, FEM
simulation was conducted. By applying pressure, one can
acquire the simulated deflection of the FERV-integrated
microarm. Assumptions were made related to the mi-
croarm: 1) the gravity is ignored and 2) the hyperplastic
material of the microarm deforms elastically. Commer-
cially available FEM software, COMSOL Multiphysics
(COMSOL Inc.), was utilized to conduct the simulation.
For the boundary condition, the pressure was applied to
all the internal walls of the chambers.

The simulation results obtained by using the 3D model
are shown in Fig. 17. The simulated deflection showed
that the top surface profile shown in Fig. 17(b) of the
FERV-integrated microarm was different from that of the
bottom surface in Fig. 17(c). The bending displace-
ment from the experimental result was approximately
100 pum, which was similar to the simulated value shown
in Fig. 17(c). The good agreement between the experi-
mental result and the simulated one shows the feasibility
of the FERV-integrated microarm.

5. Conclusions

To combine the potential of high-output-power volume
density in fluidic microactuators, the precision and re-
producibility of MEMS fabrication technology, and the
absence of wear and leakage of elastic microactuators,
a soft microgripper on which an FERV is mounted was
developed. The FERV-integrated microgripper consisted
of multiple FERV-integrated microarms, one of which
was composed of a FERV mainly made of SU-8, a mov-
able chamber made of PDMS, and a displacement con-
straint element made of nickel. All components and
their combined microarms were successfully fabricated
by photolithography-based MEMS fabrication processes
that were developed for this purpose. The demonstrated
bending motion of the FERV-integrated microarm showed
that the FERV-integrated microgripper is a good candidate
for new industrial, biological, and medical applications
that require inherent compliant behavior. Such behavior
facilitates handling fragile biological tissues or even cells
without damage.
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