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There is an increased demand for hand exoskeletons that are light weight, low profile, and flexible, and that consume less power. In
order to replace the rigid actuators such as motors and pneumatic cylinders, an ionic polymer metal composite (IPMC) actuator may
be a good candidate. Because of the limited forces generated by IPMC actuators, prediction of the IPMC actuation force for the
required fingertip force is important in designing and improving the performance of a finger exoskeleton. Anthropomorphic data on
index fingers and the stiffness of a finger joint were measured, and a standard index finger model was established. Electromechanical
characteristics of IPMC actuators were experimentally measured and mathematically modeled. These were incorporated into the
dynamics of an index finger actuated by IPMC, and the dynamics of tip pinching were simulated. The arrangement of IPMC actuators
at the initial position significantly affected the required actuator force to hold a given load. The maximum actuator force required
to hold 0.98 N of fingertip load decreased by 50% for IPMC actuators that were arranged straight at the initial pinching position
as compared to straight at the initial open position.

Manuscript received: July 25, 2012 / Accepted: August 13, 2012

1. Introduction 

Active hand exoskeletons have been used to assist the activities of
daily living (ADL) for physically weak people who are aged, injured,
or handicapped. They are also used for rehabilitation purposes as well
as power assist devices.1 Most hand exoskeletons are actuated by electric
motors2-4 or pneumatic actuators,5,6 and various power transmission
methods such as cables,2,7 gears,4 linkages,8 and pneumatics5,6 are
applied. Conventional electromechanical and pneumatic power systems
have been used for power assistance and rehabilitation purposes, but
their application to ADL assist devices has been limited, mainly due to
their rigidity, high profile, and complex structures.

Electroactive polymers (EAPs) are good candidates for an
exoskeleton actuator because their characteristics are similar to those of
human muscles. They can generate force and deform in response to
electrical stimulation9-12 while they are flexible and lightweight. EAPs
have been divided into electronic EAPs and ionic EAPs. Dielectric
polymers, which are under the category of electronic EAPs, have been
used as the actuators of orthotic and prosthetic devices,13-15 but the high
voltage requirement of electronic EAPs limits their applications.

Among the ionic EAPs, ionic polymer metal composite (IPMC) has
been tried in uses as artificial muscles for a biped walking robot16 and
heart assist device.17 Low driving voltage and large strains are major
advantages of IPMC actuators,18 but small actuation force limits their
applications as artificial muscles. Many efforts have been made to
improve the electromechanical performance. An IPMC strip is quite
attractive for a finger exoskeleton actuator because it is soft, light, and
consumes little energy. Moreover, it does not require power
transmission components, because the bending deformation of an
IPMC strip conforms to finger flexion. It can also be used in an
actuator integrated with a sensor.19,20

Dynamic analysis is important in developing hand exoskeletons and
robot hands. Studies on the dynamics of finger exoskeletons have been
performed in order to estimate work space, fingertip trajectories, and
joint torque for index finger rehabilitation purposes.8,21 Dynamic
analysis has also been conducted to develop a control mechanism for
a hand orthosis22 as well as to predict the work space and force
feedback mechanism for master-slave robot hands23 and virtual reality
simulations.24 Most of the finger exoskeletons developed are actuated
by electric motors, and the analysis is focused on the kinematics of
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power transmission elements and the estimation of motor torque and
rotation angles. The electromechanical characteristics of an IPMC
actuator are unique; therefore, these should be properly modeled in
order to analyze the dynamics of a finger exoskeleton actuated by an
IPMC. However, a dynamic analysis incorporating proper modeling of
an IPMC actuator has not been performed yet.

The dynamics of IPMC actuators has been analyzed for their possible
applications as micro-manipulators,25 swimming robots,26 working robots,27

and propulsion actuators,28 but previous studies were limited to the
modeling of the actuator itself. In designing a finger exoskeleton
actuated by IPMCs, the dynamics of fingers actuated by an IPMC
should be analyzed; therefore, proper modeling of the IPMC actuator
and its application to finger dynamics should be performed. The
prediction of fingertip pinching force generated by IPMC actuation is
important in designing an exoskeleton, because of the limited capability
of IPMC actuators to generate force, but this has not been studied yet.
The goals of the present study are to develop an appropriate model of
IPMC actuation and to apply this to analyze the dynamics of an index
finger for a pinching task. The effects of actuator arrangement on the
efficiency of fingertip force generation are also explored.

2. Methods

2.1 Biomechanical characteristics of an index finger
The finger exoskeleton is designed to fit over the index finger, and

the IPMC actuator strip is located on the dorsal surface of the index
finger. One end of an IPMC strip is fixed at the proximal site of a
joint and the other end is positioned over the joint at the distal end
of the phalange (Fig. 1). Bending of the IPMC strips by electric
stimulation generates torque to rotate each joint. Three actuators are
used to rotate the three joints of an index finger, which are the
metacarpophalangeal (MCP), proximal interphalangeal (PIP), and
distal interphalangeal (DIP) joints. We assume that the adductive and
abductive movements of the MCP joint are restricted and that only
the extension and flexion of each joint are allowed for a pinching task
of an index finger. Anthropomorphic data on fingers were measured
for 32 males aged 20 to 28 years. The length of each phalange of an
index finger is measured as shown in Fig. 2. 

An index finger model is represented by the three linkages with three
joints, each of which has one degree of freedom (DOF). Lengths of
linkages are determined on the basis of the measured anthropomorphic
data on index fingers. Each joint is modeled by a linear spring and
damper.22,29 The stiffness constant of a joint is an important parameter in
analyzing the dynamics of a finger; therefore, this is measured for the
MCP joint. A load cell is located at the distal end of the proximal
phalange, and the MCP joint is slowly rotated by pushing the load cell.
The forces required to rotate the end of the phalange to the desired
displacement are measured. Subsequently, the measured forces and
displacements are converted to joint stiffness torques and rotation angles. 

2.2 Characterization of the actuation performance of an IPMC strip
IPMC actuators are manufactured using Nafion membranes

(N117, DuPont, USA). Five layers of Nafion membranes were placed

between the presses (Model M, #9372, Fred S Carver, USA), heated
up, and pressed with medium pressure as described in the previous
study.30 Platinum electrodes were created on both surfaces of the
stacked membrane by a chemical reduction process, and IPMC
actuators were finally fabricated. Transport of hydrated cations
within an IPMC membrane under the applied voltage associated
electrostatic interactions leads to mechanical deformation or
bending of an IPMC membrane. Cation redistribution across the
membrane by applied electric potential difference also generates
water molecule redistribution which causes swelling near the
cathode or mechanical strain. The IPMC membranes of 1 mm
thickness were cut into strips with a width of 20 mm and used as
the actuators of the finger exoskeletons. The lengths of actuators
applied to rotate MCP, PIP, and DIP joints were 0.0426 m, 0.0240 m,
and 0.0208 m, respectively.

An IPMC strip shows bending deformations when one end is
cantilevered and an electric potential difference is applied between
the electrodes that are plated onto both surfaces. The force generated
by electrical stimulus at the free end of an actuator decreases as the
tip deflection increases; therefore, maximum tip force is achieved
when the deflection is zero. The reactive force that blocks further
deformation of an IPMC strip under electrical stimulus is defined as
the blocking force. Voltages with opposite polarities are applied to the
separate electrodes on each side of an IPMC strip by a DC power
supply (IT6720, Itech, South Korea), and the blocking forces are
measured using a load cell (2002, NICOM, South Korea). Blocking
forces at the tip of the IPMC actuator are measured for different tip
deflections. Details of the experimental setup were given in the
previous study.31

Fig. 1 Schematic diagrams of the finger exoskeleton. (a) Case 1: IPMC
actuators are arranged straight in the initial open position. (b) Case 2:
IPMC actuators are arranged straight in the initial pinching position

Fig. 2 Lengths between each joint and the tip of an index finger
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2.3 Dynamic finger model
The pinch by an index finger tip is analyzed because that is the most

representative and basic function performed in daily living. In this
study, the pinching task is defined as the motion of an index finger to
grasp a small object using the fingertip in the two-dimensional plane by
rotating three joints. The thumb is assumed to be fixed, while abduction
and adduction of the MCP joint are neglected; therefore, the dynamic
behavior of an index finger is modeled as that of a three degree-of-
freedom (DOF) serially linked planar manipulator as shown in Fig. 3.
It is assumed that the pinching force is applied to the end of the distal
phalange in the direction normal to the horizontal thumb. The reference
frames for the angular motions of each joint are also shown in Fig. 3,
and the counterclockwise directions of q1, q2, and q3 represent the
positive rotational senses of the MCP, PIP, and DIP joints, respectively.

When forces produced by IPMCs are applied to each phalange, the
dynamic equations for each joint motion of an index finger can be
expressed as follows:32,33

 (1)

where T1, T2, T3 denote the torques applied to each joint by IPMC
actuators; M(θ) and B are the mass matrix and the damping coefficient
matrix, respectively; K(θ), N(θ, ) and G(θ) represent the torque vectors
of the stiffness, Coriolis and centrifugal, and gravitational terms,
respectively; Fpinch denotes the force vector applied to the fingertip due to
the pinching task, and JT is the transpose of the Jacobian matrix. Details
on the mass matrix, the gravitational torque vector, the Coriolis and
centrifugal torque vector, and the transposed Jacobian matrix that
transforms pinching forces into joint torques are given elsewhere.33

The pinching force is modeled as the reactive force generated during
the contact of the tips of an index finger and a thumb. Once the tips are
in contact, the reactive force is increased from zero to the steady-state
value by the forces generated by IPMC actuators. To model this contact
process and reactive force generation, a spring and damper model is
adopted between the tips. The reactive pinching force increases as the
spring compression increases between the tips of the index finger and
thumb, and the damping force is used to stabilize the contact model.

3. Results

3.1 Electromechanical characteristics of the IPMC
The blocking forces of an IPMC actuator were measured at the tip

of an IPMC actuator as a function of time under the application of a
3 V direct current (DC) electric potential. The electric potential was
limited below 3 V and experiments were performed in less than half an
hour in order to minimize the effects of membrane water loss. The
measured weight loss of the sample was within 5% of the total weight
for each experiment. The blocking forces are normalized by the steady-
state value, and they are shown in Fig. 4. Applying higher voltages
would have increased the force, but the magnitude of the applied
electric potential was kept below 3 V to minimize the loss of water by
electrolysis in the IPMC. The generation of force by IPMC actuators is

due to strain developed by the migrations of cations and water
molecules near the cathode. The relationship between the input voltage
and the charge in the IPMC can be modeled with a simple resistor-
capacitor (RC) circuit because of the resistive and capacitive nature of
electroactive polymers.28 The force generation depends on the electric
charge migration; therefore, the force generation of an IPMC under a
step input voltage was considered using a simple first-order model.
Back relaxation of the 1 mm thick IPMC actuators was negligible. The
time constant (τ) of the first-order model was estimated from the force-
time curve in Fig. 4, and this value was used to characterize the force
generation of the IPMC actuators as a function of time:

(2)

where F(t) is the blocking force, Fss is the blocking force in the steady
state, and t is time. The steady-state blocking force was 0.18 N and the
time constant was 10.4 s for a 40 mm long actuator.

Blocking forces were measured at the free end of a cantilevered
actuator for different vertical displacements caused by bending
deflections. After the steady-state blocking force was measured at the
tip of the IPMC in a straight position (no deflection), the load cell was
moved to the location where the desired tip deflection was obtained
using a micro-positioning stage. The steady-state blocking forces were
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Fig. 3 Reference frames for the angular motion of each phalange of the
index finger. Three IPMC actuators apply forces normal to the distal
end of each phalange

Fig. 4 The blocking forces normalized by the steady-state blocking
force (Fss) as a function of time. The solid curve shows the measured
average force, and the dotted curve shows the first-order model F(t)/
Fss = 1-e-t/τ. Vertical bars show standard deviations
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normalized by the maximum blocking force without deflection, and
they are shown in Fig. 5. The blocking forces decreased as the
deflection increased, and this relationship was modeled as the reduction
in force generation due to the stiffness of an IPMC strip.28 The
actuation force of the IPMC, which was caused by ion movement, was
partially used for bending the IPMC strip. Therefore, the available
blocking force of an IPMC actuator was reduced for a deflected IPMC
strip. The relationship between the steady-state blocking force Fss and
the vertical tip displacement (d) was approximated by a linear function,

 (3)

where F0 is the maximum blocking force without deflection and k is the
slope of the force versus deflection curve. 

3.2 Parameters of a dynamic finger model
Table 1 shows average values of the lengths between the joints of an

index finger (L1, L2, L3), the length of a thumb (L4), and the length
between the metacarpal phalangeal joints of an index finger and a thumb
(h). The angles in the initial open position were assumed to be 4o, -25o,
and -7o for the MCP, PIP, and DIP joints, respectively. The forces
required to rotate the end of the proximal phalange to the desired
displacement were measured in order to estimate the stiffness torque at
the MCP joint. Fig. 6 shows the measured stiffness forces for different
phalange tip displacements. Average stiffness forces and displacements
are converted to a relationship between stiffness torque (K(θ)) and
rotation angle (θ) for MCP joints and then fitted to a third-order
polynomial expressed as follows:

(4)

where l is the length of a phalange.
We assumed that PIP and DIP joints have the same stiffness torque-

angle relationship as shown in equation (4). The mass of each phalange
was obtained from the literature,29 and the mass of the exoskeleton was
neglected. The rotational damping coefficients, which do not seriously
affect the dynamics of a pinching index finger, were determined using
rectilinear damping coefficients obtained from the literature.29 These
parameters are listed in Table 1.

3.3 Actuation force at joints for different initial finger positions
The dynamics of pinching was simulated using the established

models of the index finger and the electromechanical characteristics of
IPMC actuators. The actuator forces required to hold a given tip load
(0.98 N) were estimated. The pinching task was performed as follows:
The index finger moved from the initial open position to the pinching
position by a bending actuation of the IPMC strips. Once the pinching
position was reached, the tip force increased to the required load
(0.98 N). The blocking force generated by an IPMC actuator depended
on the actuator deflection, and the maximum blocking force (F0) that
an IPMC actuator tip generated without deformation was defined as the
force generating capability of the IPMC actuator. 

Fig. 7 shows the simulation results for the pinching task when the

Fss Fo 1 kδ–( )=

K θ( ) 3.3229θ3– 0.3482θ2 1.6006θ+–( ) l×=

Fig. 5 The steady-state blocking forces (Fss) normalized by the maximum
blocking force without deflection (F0) for different vertical locations.
Vertical bars show standard deviations

Table 1 Index finger model parameters

See
Fig. 1

Average
Length (m) Joint

Damping
Coefficient
(N · s/m)

Phalange Mass
(kg)

L1 0.0426
L2 0.0240 MCP 0.0046 Proximal 0.0270
L3 0.0208 PIP 0.0027 Middle 0.0130
L4 0.0596 DIP 0.0020 Distal 0.0085
h 0.0496

Fig. 6 Measured stiffness forces versus phalange tip displacement for
the MCP joint. Vertical bars show standard deviations

Fig. 7 Simulation results for pinching task (Case 1): (a) IPMC actuator
tip force; (b) fingertip force; (c) joint angles; and (d) joint and fingertip
locations
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IPMC actuators are arranged straight in the initial open position (Case
1 in Fig. 1). In the open position, the distance between the tips of the
thumb and index finger is about 4 cm, and the joint angles of the
index finger are 4o, -25o and -7o, for the MCP, PIP, and DIP joints,
respectively. Once the index finger reaches the pinching position,
where the joint angles are -16o, -45o, and -22o for the MCP, PIP, and
DIP joints, respectively, the reactive force at the tip increases to
0.98 N. Fig. 7 shows the IPMC actuator forces, the angle of each
joint, the reactive force, and the joint locations. To hold 0.98 N at the
pinching position, the forces required at the tips of the IPMC
actuators are 1.26 N, 0.77 N, and 0.22 N for the MCP, PIP, and DIP
joints, respectively. This result reveals that the IPMC actuator for an
MCP joint should generate about 1.3 times more force than the tip
load at the pinching position. Each actuator was straight at the initial
open position but deformed at the pinching position. In order to
estimate the force generating capability of an IPMC in the actuator
arrangement of Case 1, the maximum blocking force (F0) that an
IPMC actuator tip generated without deformation was calculated. The
values were 2.59 N, 1.50 N, and 0.32 N for the MCP, PIP, and DIP
joints, respectively.

If we consider the negative slope of blocking force versus
deflection for an IPMC actuator as shown in Fig. 5, the steady-state
blocking force required of an IPMC actuator to hold the same tip load
is reduced by decreasing the tip deflection at the pinching position.
The IPMC actuator is arranged straight in the pinching position (Case
2 in Fig. 1), and the index finger is moved to the initial open position
by applying the electric potential with the polarity opposite to that for
the pinching actuation. The dynamics of an index finger pinching
from the open position in Case 2 were simulated (Fig. 8). Each
phalange rapidly moves to the pinching position, and the actuators
generate forces to hold the 0.98 N fingertip pinching force. In order
to hold the 0.98 N reactive force at the tip in the pinching position,
the blocking forces that the IPMC actuators should generate in the
steady state are 1.25 N, 0.76 N, and 0.22 N for the MCP, PIP, and
DIP joints, respectively. These forces are close to the force generating
capability of IPMC actuators or the maximum blocking force (F0)

because actuator deformations are negligible at the pinching position.
If we compare the maximum blocking forces (F0) for Case 1 with those
for Case 2, the required maximum blocking forces for the actuators of
the MCP, PIP, and DIP joints in Case 1 are about 2.0, 2.0, and 1.5 times
greater than those in Case 2, respectively. 

4. Discussion

IPMCs are good candidates for the actuators of a finger
exoskeleton because of their muscle-like nature, but force generating
capability would be their limiting factor for such an application. The
dynamics of an index finger actuated by an IPMC from the open
position to the pinching position were simulated for the case where
IPMC actuators were arranged straight in the open position (Case 1),
and the result showed that the IPMC actuator for the MCP joint
should generate 1.26 N in order to hold the reactive force of 0.98 N
at the index finger tip. Since bent IPMC actuators generate less force
than undeformed ones, the initial actuator shape is an important
design parameter. If the actuator is arranged straight in the initial
open position, it deforms to reach the pinching position; therefore, the
force generated at the actuator tip decreases due to bending deflection
of the IPMC. In order to increase the blocking force at the pinching
position, the IPMC actuators should be arranged straight in the
pinching position (Case 2). Simulation results showed that steady-
state blocking forces for the actuators at three joints in Case 2 were
similar to those in the Case 1. However, the maximum blocking
forces, which represent the force generating capability of the IPMC
actuators, decreased by 50%, 49%, and 34% for the actuators of the
MCP, PIP, and DIP joints in Case 2. Therefore, IPMC actuators with
less force generating capability can be used to hold the same load if
arranged straight in the pinching position.

If the IPMC actuator at the MCP joint is arranged straight in the
pinching position, bending of IPMC in the dorsal direction is required
to move the finger to the initial open position. Bending of the IPMC
actuator in the direction opposite to pinching flexion can be achieved
by switching the polarity of the applied voltage. A dynamic
simulation of index finger extension driven by IPMC actuators from
the pinching position to the open position was performed. The results
showed that the maximum blocking forces required to extend
the index finger to the open position were 1.35 N, 0.91 N, and 0.46 N.
The largest of these maximum blocking forces required for extension
is near the maximum blocking force of the MCP actuator in Case 2.
Hence, flexion from the initial pinching position to the open position
can be achieved with the actuators in Case 2.

The maximum blocking force measured for an IPMC actuator used
in this study was less than the simulated maximum blocking force
required for a pinching task. Efforts have been made to enhance the
force generating characteristics.34,35 One way to increase the blocking
force is to stack IPMC strips layer by layer.30 Our preliminary study
indicates that stacking ten IPMC actuators and applying the electric
potential of 3 V to each actuator generates a maximum blocking force
of 1.8 N. Parallel arrangement of IPMC actuators by stacking can
accumulate the force generated by each strip, but the increased
thickness of the actuator may limit its applications.

Fig. 8 Simulation results for pinching task (Case 2): (a) IPMC actuator
tip force; (b) fingertip force; (c) joint angles; and (d) joint and fingertip
locations



2140 / DECEMBER 2012 INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING Vol. 13, No. 12

5. Conclusion

In order to develop a finger exoskeleton with flexible polymer
actuators, one was designed so that the three joints of an index finger
were actuated by the bending of three IPMC strips. The mechanical
characteristics of IPMC bending were experimentally measured, and
these were incorporated into the dynamics of an index finger model.
Due to the force and deflection characteristics of IPMC actuators, the
arrangement of the IPMCs at the initial position affected the actuator
force required for holding a given load at the pinching position. The
maximum actuator force required to hold 0.98 N of fingertip load was
decreased by 1.3 N, corresponding to a 50% reduction, for the case
where the IPMC actuators were arranged straight in an initial pinching
position as compared to an initial open position. Therefore, the force
required of IPMC actuators to hold a given load can be reduced by an
appropriate arrangement of the IPMC actuators.
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