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Abstract— Miniaturization of robotic grippers enables precise
manipulation of small-size objects. However, most microgrip-
pers are actuated by rigid actuators, and thus retain challenges
such as micro-fabrication, complex structure, and lack of
compliance. Here, we present a compliant microgripper driven
by a soft polymer actuator. The proposed millimeter-scale soft
polymer actuator can produce a linear displacement and output
force with a fast operation. Then, we designed the gripper
linkage to convert the linear displacement of the actuator into a
gripping motion. Fabricated compliant microgripper has a size
of 10 × 10 × 10 mm3 and a weight of 0.36 g, with a maximum
gripping width of 8 mm. Demonstration of the gripper shows
the feasibility of gripping various sub-millimeter scale objects
regardless of their shape owing to its compliance.

I. INTRODUCTION

Over the years, manufacturing technology development
has led to a trend toward miniaturized devices that can
access and operate in confined and challenging environments.
Among such devices, microgrippers play important roles
in micro-manipulation, micro-assembly, drug delivery, and
minimally invasive surgery [1], [2]. In general, the microgrip-
pers consist of a motion transmission mechanism, actuator,
and gripper jaw [3]. To develop microgrippers, transmission
linkages, and gripper jaws were successfully fabricated using
microelectromechanical system (MEMS) process technol-
ogy [1]–[4]. Due to the limitations of the silicon micro-
machining process, the most common microgrippers have
a two-dimensional (2D) parallel jaw gripper design [5].

The actuator selection for the microgripper is one of
the key design considerations. The actuators suitable for
microgrippers should have a small and compact structure
and produce sufficient force and displacement with a high
resolution. Conventional microgrippers commonly use piezo-
electric materials as actuators because such materials facil-
itate compact size, large output force, high resolution, and
fast response speed [2]–[4]. However, the piezoelectric-based
microgrippers produce limited gripping width, due to the
small displacement of piezoelectric materials. In addition,
the rigidity of piezoelectric material makes it difficult to
manipulate objects without damage [6]. Various researchers
use additional compliant mechanisms to achieve safe grasp-
ing [6], [7]. Additionally, the compliance of such micro-
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Fig. 1. Fabricated compliant microgripper using soft polymer actuator.

grippers enables them to grasp various objects without the
need for precise feedback control. Although using compliant
mechanisms is common in the field of microgrippers, these
compliant mechanisms add bulk, complexity, and cost to
the system [8]. To overcome these challenges, microgrippers
adopted soft actuation principles to enable conformal contact
and delicate grasping without extra compliant structures.
Several researchers presented compliant microgrippers using
various soft actuation principles, such as magnetically driven
[9], pneumatically driven [10], and thermally activated poly-
mers [11], shape memory alloy (SMA) springs [12], and
electroactive polymers (EAPs) [13], [14]. Although many
researchers presented the potential of using soft actuators
for microgrippers, several challenges remain. For example,
pneumatically-driven grippers require extra components such
as pumps or check valves, which makes the overall structure
bulky [10]. Thermally activated polymers or SMA spring-
based microgrippers operate at high temperatures and have
low controllability and slow response time, making them un-
suitable for many applications [11], [12]. EAP-based grippers
can produce a limited grasping force [13], [14].

Dielectric elastomer actuators (DEAs) are one of EAP-
type actuators that exhibit large area strain, fast response,
high specific energy density, and low power consumption
[15]. Although several soft grippers were developed using
DEAs [16], [17], the size and design of the grippers were
not suitable for micro manipulation. Research has led to the
design of miniaturized DEAs that are suitable for various
micro robots, especially microgrippers. Among various DEA
configurations, the conical DEA structure has several advan-
tages of producing high output force and large displacement
in a single direction [18]–[21]. Typical conical DEAs use a
compressive spring [18] or a passive membrane [19]–[21] to
pre-stretch a DE membrane. However, compressive spring-
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Fig. 2. (a) Design comparison between double-cone DEA and proposed
actuator. (b) A working principle of proposed actuator.

Fig. 3. Fabrication process of actuator: (a) Pre-stretching of DE membrane;
(b) attachment of DE membrane to frame; (c) painting of compliant
electrodes on both sides of DE membrane; and (d) adding of electrical
connection. a-d processes were repeated three times for multi-layer stacking.
(e) Chemical etching of stainless steel sheet to make spiral flexure. (f) Place
a spacer between membrane and spiral flexure and combine elements.

based conical DEAs have an instability problem due to
buckling of the spring; they are also hard to reduce their
size. The passive membrane-based conical DEAs, which are
also known as double cone DEAs, exhibit limited dynamic
performance due to the viscoelastic properties of the polymer
membrane. Several studies have used flexure structures as
pre-stretching elements, but the overall design was neither
compact nor small for use in micro robots [22], [23].

In this paper, we present the compliant microgripper using
a novel miniaturized DEA. The actuator uses spiral flexure
to pre-stretch the DEA membrane in a single direction.
The proposed soft actuator has a compact and miniaturized
structure (diameter: 10 mm) and can produce a large output
force over 110 mN with high bandwidth. Using the proposed
actuator, the microgripper was designed as shown in Fig. 1.
By controlling the input voltage, we were able to control the
proposed microgripper. We validate the performance of our
compliant microgripper by demonstrating that it can grasp
and manipulate various objects regardless of their shape and
size.

II. ACTUATOR DESIGN AND WORKING PRINCIPLE

Here, we present a DEA-based soft actuator for microgrip-
per that has a soft, lightweight, and small (diameter <10 mm)
structure with high bandwidth. The design of the proposed
actuator follows the basic concept of a double-cone DEA
[13]. Among various DEA configurations, a double-cone
DEA can produce high output force and displacement in a
single direction [18]–[20]. The double-cone DEA is mainly
composed of a passive elastomer layer, a dielectric elastomer
(DE) layer, and an inner spacer, as in Fig. 2(a). A passive
elastomer layer was used as a biasing element to achieve
an antagonistic configuration and to apply pre-loading to the
DE membrane. However, the viscoelasticity of the passive
elastomer layer limits the dynamic response of the actuator.
To enhance dynamic response, the proposed actuator uses a
spiral flexure as a biasing element as shown in Fig. 2(a).
Spiral flexures are composed of multiple spiral slots. Taking
advantage of their thin (thickness: 0.1 mm), simple, and
lightweight structure, spiral flexures have the potential to be
fabricated with a small size. In addition, spiral flexure can
be used as a linear spring which can produce a large stroke
without a buckling problem and has a fast dynamic response
[24]. The proposed actuator consists of a spiral flexure, an
inner spacer, and a multi-layered DEA, as presented in Fig.
2(b). The actuation of the proposed actuator depends on the
force balance exerted by a spiral flexure and a deformed DEA
membrane. Without an input voltage, the restoring force
exerted by the deformed DEA membrane (FDEA) is balanced
with the restoring force by spiral flexure (Fflexure). When
the voltage is applied, the DEA membrane is compressed in
the thickness direction due to an electrostatic pressure. This
thickness compression leads to planar area expansion of the
DEA membrane since the DE is an incompressible material
[15]. Finally, the expansion of the DEA membrane causes
the inner spacer to move downward until force balance is
achieved.

III. ACTUATOR FABRICATION AND EXPERIMENT

A. Fabrication of the actuator

The performance of the DEA highly depends on the
selection of DE materials. For enhanced performance, the DE
materials should have a low modulus, high dielectric con-
stant, and high electrical breakdown strength [15]. Among
various DEs, acrylic elastomer (3M VHB 4905) has high DE
constant (4.53 @ 1Hz), low Young’s modulus (0.4 MPa), and
high dielectric strength (25 kV/mm @ 0.5 mm); however, it
also has high viscoelasticity [15]. Due to its characteristic,
it has been reported that acrylic-based DEA has benefits in
generating large strain in low frequency range [15]. Since
grippers mainly operate in the low frequency range (<1 Hz),
acrylic elastomer was chosen as a DE material.

The overall fabrication process of the proposed actuator
is summarized in Fig. 3. A 0.5 mm thick 3M VHB 4905
was bi-axially pre-stretched to a ratio of 4 and bonded to
the 0.2 mm thick frame with an inner diameter of 6 mm,
and outer diameter of 10 mm. Then multi-walled carbon
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Fig. 4. (a) Captured image of the fabricated spiral flexure by chemical
etching. (b) Design parameters of the spiral flexure. (c) Measured hysteresis
loop of the fabricated spiral flexure at 1 Hz. (d) Design parameters of the
proposed actuator. (e) Fabricated actuator.

TABLE I
DESIGN PARAMETERS OF THE PROPOSED ACTUATOR

Category Parameters Symbol Value

Spiral flexure
Spiral gap g 0.6 mm

Spiral width w 0.25 mm

Inner spacer
Spacer height h 3 mm

Spacer diameter t 2.4 mm

nanotubes (MWCTNs) were brushed on the both surface
of DE membrane to form a compliant electrode. To make
electrical connections, 50 µm thick aluminum tapes were
attached to DE membrane. This process was repeated three
times to fabricate a multi-layered DEA. The spiral flexure
was made of 0.1 mm thick stainless steel (SUS304) sheet.
The manufacturing process of the spiral flexure was done
by the chemical etching process to achieve high fabrication
precision. Fabrication process of the actuator was finalized
by inserting an acrylic inner spacer between the multi-layered
membrane and the spiral flexure.

The key point of the proposed actuator is using a minia-
turized spiral flexure as a biasing element of the DEA.
Therefore, the dynamic performance of the actuator is highly
dependent on the dynamic response of the spiral flexure. To
check the quality of the fabricated spiral flexure, 3D surface
geometry, and the surface profile were captured by a 3D
optical profiler (VR-5200, Keyence) and a microscope (Axio
Scope A1, Zeiss), as seen in Fig. 4(a). Results showed that

Fig. 5. Experimental results of the proposed actuator: (a) Comparison of
the measured displacement profiles of the proposed actuator and double-
cone DEA at 4kV. (b) Measured displacement of the actuator with input
voltage changing at 0.1 Hz, and (c) measured block force profiles of the
actuator with the input frequency at 4kV.

the spiral flexure can be fabricated with high precision by
chemical etching process. The properties of the spiral flexure
such as the spring constant can be controlled by two design
parameters; spiral gap (g) and spiral width (w). The design
parameters of the fabricated spiral are summarized in Fig.
4(b) and Table I. To evaluate the dynamic performance of
the fabricated spiral flexure, the passive restoring force of
the flexure was measured. In this experiment, the position
of the load cell was controlled by using the linear stage.
The linear stage was controlled to move a distance of 2 mm
under a frequency of 1 Hz. Results are plotted in Fig. 4(c).
Results showed that the spiral flexure exhibits high linearity
between the displacement and the restoring force, with a
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small hysteresis error of 1.7 %. This indicates that the spiral
flexure can work as a linear spring with a spring constant of
0.18 N/mm. The overall design parameters of the actuator
are summarized in Fig. 4(d) and Table I. Fig. 4(e) shows
the fabricated actuator. The weight of the fabricated actuator
was 0.2 g.

B. Performance Test of Actuator

The performance of the proposed actuator was evalu-
ated by measuring the output displacement and the output
force characteristics. For performance comparison, double
cone DEA was fabricated with the same dimension of the
fabricated actuator. The passive layer of the double-cone
DEA was made of a multi-layered pre-stretched acrylic
elastomer. During the experiment, actuators were mounted
on top of the anti-vibration table. The input voltage was
controlled by using a DAQ board (USB-6003, National
instruments) and amplified by a high voltage amplifier (AMJ-
4B10, Matsusada). We applied sinusoidal voltage signals
with a frequency range of 0.1 to 50 Hz at 4 kV to the
actuator. Simultaneously, the displacement of the proposed
actuator was measured by a laser displacement sensor (LK-
G3000, Keyence). Results are plotted along the frequency
range as in Fig. 5(a). Results showed that the actuator can
produce higher displacement than the double-cone DEA in
the overall frequency range (0.1∼50 Hz). Both actuators have
a maximum displacement at 0.1 Hz. The displacement of
the double-cone DEA decreases sharply when the frequency
of input voltage increases due to the high viscosity of the
passive membrane. The calculated bandwidth of the double-
cone DEA was around 0.6 Hz. Thanks to the elasticity of the
spiral flexure, the proposed actuator has a higher bandwidth
(5 Hz) than the double-cone DEA (0.6 Hz). The maximum
output displacement of the actuator was 295 µm at the
operating frequency of 0.1 Hz. In addition, results showed
that the actuator can produce displacement over 130 µm at
high frequency range (∼50 Hz). The output displacement of
the actuator was measured while changing the input voltage
at 0.1 Hz. The results indicate that the actuator can produce
programmable output by controlling the input voltage, as in
Fig. 5(b).

The dynamic performance of the actuator was further
evaluated by observing the output force characteristics. The
experiments were conducted in the same setup done in the
displacement test. The load cell was placed on top of the
actuator. The measured block force profiled of the actuator
is plotted in Fig. 5(c). Results showed that the actuator can
produce an output block force larger than 115 mN in all
frequency ranges of 0.1 to 50 Hz. At 0.1 Hz, the measured
block force was 130.1 mN. In addition, the measured block
force exhibits a unique trend that gradually increasing after
3 Hz. This is likely owing to the resonance frequency of
actuator due to the effect of the loading condition [21]. The
results of the dynamic tests represent that the actuator can be
used in various applications operating at both low frequencies
and high frequencies (∼50 Hz).

Fig. 6. (a) Illustration of the kinematic design and the working mechanism
of the compliant microgripper. (b) Overall design concept of the microgrip-
per. (c) Schematic representation of the detailed mechanical components. (d)
Analysis of the maximum gripping width under different design parameters
using the kinematics of the gripper.

IV. COMPLIANT MICROGRIPPER

A. Performance Test of Actuator

In the previous section, we developed a soft actuator
which has a small size (diameter: 10 mm), a thin structure
(thickness: 3 mm) and a high bandwidth (∼5 Hz). Fabricated
actuator can produce the output displacement more than 0.25
mm in the frequency range of 0.1 to 1 Hz. We designed
the microgripper using the proposed actuator. The working
principle and the kinematic design of the microgripper is
illustrated in Fig. 6(a). The gripper is composed of the
gripper linkage mechanism and the polymer actuator. The
design of the gripper linkage can be modulated by five design
parameters, as in Fig. 6(a). In the initial state, the gripper
was designed to be in the closing state. The actuation of
the polymer actuator connected to the gripper generates the
opening motion. Thanks to the flexibility and the softness
of the actuator, the microgripper can have a compliance that
enables versatile and delicate grasping. The relation between
the opening width of the gripper and the displacement
output of the actuator is an important design consideration.
This relationship can be derived by solving the kinematics
equations of the gripper as follows:
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Fig. 7. Manufacturing process of the microgripper: (a) Laser cutting each
layer. (b) Layers are aligned, laminated and bonded. (c) Cutting laminated
outer linkage layer and folding, and (d) inner layer. (e) Assembling actuators
and linkages. (f) Fabricated microgripper.
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where l1 is the inner linkage length, l2 is the outer linkage
length, a is the inner gap, b is the outer diameter, c is the
height gap, d is the output displacement of the actuator, sc
is the minimum gripping width, so is the maximum gripping
width, and αo is the inner angle as shown in Fig. 6(a).

The compliant microgripper was designed following a
kinematic model, as shown in Fig. 6(b). The three-finger
gripper design allows the gripper to have a delicate and
powerful gripping performance. Smart composite microstruc-
ture (SCM) technology was used to fabricate the linkage
mechanism due to its macroscale manufacturing capability
[25]. Rubber pads were mounted on the finger to provide
strong gripping force. Fig. 6(c) describes the mechanical
components of the gripper in a detail. Actuation of the
polymer actuator moves the inner linkage upward. The ver-
tical motion of the inner linkage is then converted to rotary
motion, which leads the opening motion of the gripper. The
main design target of the gripper was to have a maximum
gripping width (so) larger than 8 mm at opening state. In
addition, considering three-finger gripper design as shown
in Fig. 6(c), the minimum gripping width of the gripper
(sc) was set as 3 mm. Then the design parameters of the
gripper were selected to satisfy these requirements. Fig.
6(d) shows the calculated maximum gripping width under
different parameters using (1)–(3). The displacement of the
actuator was assumed as 0.25 mm. Table II summarized the
determined design parameters of the microgripper.

The manufacturing steps of the microgripper is illustrated
in Fig. 7. The rigid links of the origami mechanism were
made of 100 µm thick fibereglass sheets and compliant
joints were made of 12.5 µm thick polyimide film (Kapton,

TABLE II
DESIGN PARAMETERS OF THE MICROGRIPPER

Parameters Symbol Value

Inner linkage length l1 10 mm

Outer linkage length l2 11.17 mm

Inner gap a 1 mm

Outer diameter b 8 mm

Height gap c 1 mm

Fig. 8. Captured image of the actuation of the microgripper with various
input voltage.

Dupont). 12.5 µm thick acrylic bonding sheet was used to
bond each layer. Each layer was micromachined by a laser
into the designed pattern. The layers were aligned using
dowel pins and bonded. The assembled laminated layers
were cut along the line, and folded as in Fig. 7(c). Outer
linkage and inner linkage are then assembled via adhesive
(Locite 401, Henkel). The manufacturing process is finalized
by bonding the assembled linkages and proposed actuator as
shown in Fig. 7(e). Fabricated microgripper is shown in Fig.
7(f). The gripper has a dimension of 10 × 10 × 10 mm3 and
a weight of 0.36 g.

B. Experimental Evaluation and Demonstration

The fabricated microgripper was evaluated by observing
the gripping width under various input voltage. The images
of the fabricated gripper were captured with 0 to 4 kV input
voltage and shown in Fig. 8(a). During the test, DC input
voltage was applied to the gripper. Under zero voltage, the
gripper has initial gripping width of 2.8 mm. By modulating
the input voltage, the gripping width can be controlled.
Under 4 kV input voltage, the gripper shows maximum
gripping width of 8.2 mm. Results showed that the fabricated
gripper satisfies the design target (gripping width: 8 mm).
Then, the fabricated microgripper was used to demonstrate
the picking-and-placing of various small sized objects. The
gripper demonstrated successful gripping and manipulation
of both a soft ball (diameter of 3.2 mm, weight of 0.1 g),
a rigid weight (diameter of 5 mm, weight of 5 g) and a
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Fig. 9. Gripper shown gripping various objects: (a) A soft ball, (b) a rigid
weight, and (c) electrical component.

small electrical component (diameter of 6.2 mm, weight of
0.6 g). Results showed that the gripper enables gripping and
manipulating a heavy object (payload-to-weight ratio of 14).
In addition, the high bandwidth of the proposed actuator
enable gripper to produce fast gripping motion. We validated
the microgripper enables gripping both soft and rigid objects
without the needs for complex control algorithm or sensory
feedback owing to its compliance. The gripper performance
is shown in Fig. 9. The demonstration indicates the feasibility
of gripping various objects regardless of their shape with safe
interaction.

V. CONCLUSION

In this paper, we present the design, fabrication and
demonstration of the compliant microgripper driven by a soft
polymer actuator. The proposed actuator follows the basic
concept of the double-cone DEA, but uses spiral flexure as
a biasing element of DEA membrane. In this design, the
spiral flexure has several strengths. First, spiral flexure has a
thin, a compact structure and a can be manufactured at small
scale by chemical etching process. In addition, spiral flexure
has a characteristic of a linear spring which can produce
large stroke without a buckling. The polymer actuator was
fabricated with dimensions of 10 × 10 × 3 mm3, and a weight
of 0.2 g. The actuator was capable of producing a maximum

displacement of 0.29 mm at 0.1 Hz under 4 kV input voltage.
Measured bandwidth of the actuator was 5 Hz. The actuator
provide an output block force larger than 115 mN in the
frequency range of 0.1 to 50 Hz. Using the proposed actuator,
we designed and fabricated the microgripper. The gripper can
be manufactured at the millimeter scale (10 × 10 × 10 mm3)
by using laminated design and SCM technology. Based on
the kinematics model of the gripper, the gripper was designed
to have a maximum gripping width larger than 8 mm. We
successfully demonstrated the microgripper enables gripping
various small size objects without a sensory feedback due to
its compliance.

Our future work will cover an optimization of the actuator
by deriving a dynamic model. Based on the optimization,
the dynamic performances of the gripper can be enhanced.
Further consideration of the gripping force capability of the
microgripper will be also discussed in the future. Although
we designed the microgripper focusing on the gripping
width, the gripping force capability is a key factor.
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