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Abstract: In this paper, a force-controllable compact actuator module for a wearable hand
exoskeleton system is proposed. To interact with virtual objects naturally with a hand
exoskeleton, a small actuator module, which can generate the desired force accurately, is highly
required. In the proposed actuator module, a series elastic actuator (SEA) mechanism was
applied for the force mode control. Based on the experimental analysis about grip forces, a
spring was manually designed and a linear motor was selected. A manually designed motor
driver was also embedded to the actuator module. The actually manufactured actuator module
was compact enough to put five modules at the back of the hand. For precise force mode control,
friction of the motor was identified and compensated. Using a PID controller with the friction
compensation, the proposed actuator module could generate the desired force accurately with
actual finger movements.

Keywords: Hand exoskeleton system, Virtual reality, Force mode control, Series elastic
actuator

1. INTRODUCTION

Exoskeleton systems have been actively researched for
rehabilitation, power augmentation, and so on (Zoss et al.
[2006], Riener et al. [2005], Veneman et al. [2007], Perry
et al. [2007]). Among the research areas, interacting with
virtual objects using an exoskeleton interface is one of the
most promising applications of the exoskeleton systems.
Many related researches to achieve the virtual reality such
as head mounted display (HMD) systems or tactile sensors
are also actively researched (OculusVR [2013], SONY
[2013], Jonathan Engel and Liu [2003]), which accelerates
the needs of a wearable interaction system for the hand.

Since the hand is the richest source of tactile feedback, del-
icate interaction with virtual objects may not be possible
without appropriate force feedback to the hand. To de-
velop a wearable interaction system for the virtual reality,
the system should be able to deliver the desired interactive
force from virtual objects accurately to the user while
guaranteeing natural motions of fingers. In our previous
research, we have selected the exoskeleton structure as a
wearable interaction system for the hand because of its
force delivering ability to the fingertip, and designed the
exoskeleton structure based on the hand anatomy (Jo and
Bae [2013]). In this paper, a compact actuator module,
which is able to generate and control the desired force
precisely, is proposed.

A small and force-controllable actuator module is highly
required for the hand exoskeleton system. Because the
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actuator modules mainly determine the size and weight of
the system, which has a great effect on the natural motions
of the arm and fingers, the actuator module should be
small and light as much as possible. Also, when a user
interacts with objects in the virtual world, the user under-
stands the virtual surroundings and manipulates objects
based on the transmitted force information. Thus, the
force feedback is important in the hand exoskeleton sys-
tem. For force mode control, a force sensor may be applied
to the hand exoskeleton system, but a conventional force
sensor is so large and heavy that it increases the size and
weight of the system. In this paper, series elastic actuator
(SEA) mechanism with an electric motor is applied to the
actuator module to satisfy both requirements: compact
size and force mode control. In the SEA mechanism, the
transmitted force is measured by the spring deflection
between the actuator and the human side. The spring
acts as a force sensor, thus the size and weight of the
actuator module can be reduced. By adjusting the actuator
position, the transmitted force is accurately controlled.

This paper is organized as follows. In section 2, previously
developed actuators for the hand exoskeleton systems are
reviewed, and design of the actuator module is proposed.
The control algorithm of the actuator module for accurate
force mode control is discussed and verified by experiments
in section 3. The performance of the actuator module with
the actual hand exoskeleton is verified by experiments in
section 4. Conclusions and future works are given in section
5.
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Fig. 1. Previously developed hand exoskeleton systems

2. DESIGN OF THE ACTUATOR MODULE

2.1 Previously Developed Actuator Modules

There have been a lot of attempts to develop actuator
modules for wearable hand exoskeleton systems. For the
actuating system of hand exoskeletons, pneumatic actu-
ators or electric motors were usually applied. Exo-Hand
by FESTO in Fig. 1(a) used pneumatic actuators as the
actuating system (FESTO [2013]). The pneumatic actu-
ator has the highest power density than other actuating
systems, but the required extra equipment such as pump
and valve systems restricts its mobility.

Figures 1(b) and (c) show the hand exoskeleton systems
using electric motors. Cyber Grasp in Fig. 1(b) was de-
veloped as a cable-driven system using one electric motor
to each finger (Cyber Glove Systems [2013]). Only one
actuator is used for each finger, but the whole system
is quite bulky due to the cable transmission mechanism.
The hand exoskeleton developed by PERCRO shown in
Fig. 1(c) has three motors for each finger to change the
direction and magnitude of the applied force (Fontana
et al. [2009]). Due to the many actuators, three directional
forces can be generated, but it is too large and heavy for
the arm and finger to be moved naturally.

Since the previously developed actuator modules did not
have force sensors, the interactive force could not be accu-
rately controlled even some of them were force-controllable
in open loop. Thus, the compact and force-controllable ac-
tuator module for delicate interaction with virtual objects
has not been developed yet.

2.2 Series Elastic Actuator (SEA) Mechanism

To apply accurate force feeling to the finger, force mode
control is required, which needs real-time force measure-
ment. However, a conventional force sensor may not be
appropriate for the hand exoskeleton system due to its
bulky size and heavy weight. In the proposed hand ex-
oskeleton system, a series elastic actuator (SEA) mecha-
nism is applied for the compact design and accurate force
mode control.

The SEA mechanism has been widely used for the physi-
cal human-robot interaction systems for force mode con-
trol (Pratt et al. [2002], Paluska and Herr [2006], Pratt
and Williamson [1995], Bae et al. [2011, 2013], Bae and
Tomizuka [2012]). In this mechanism, the force generated
by an actuator is transmitted via the elastic element, i.e.,
a spring, which is installed between the human side and
the actuator. The transmitted force is controlled by the
spring deflection. The schematic of the SEA mechanism is
shown in Fig. 2. The transmitted force, f , is controlled by
the deflection of the spring as follows:

Human
side

Actuator
side

AxHx
Spring (k)

Transmitted
force (f)

Fig. 2. Schematic of the series elastic actuator (SEA)
mechanism

Spring

Linear motor
(Potentiometer for
the motor side is included.)

Potentiometer
for the human side

Joint connected to
the linkage structure

Motor driver

Fig. 3. Design of the actuator module

f = k(xA − xH) (1)

where k is the spring constant, xA and xH are positions
of the actuator and human side, respectively. The desired
actuator position is determined by the measured human
joint motion and the given desired force, fd, as follows:

xAd =
fd

k
+ xH (2)

where xAd is the desired actuator position. By controlling
the motor position, the desired force can be generated
accurately; thus, the actuator can interact with the human
motion by applying appropriate interactive force by (1).

In the proposed hand exoskeleton system, the SEA mecha-
nism is applied to implement a force-controllable actuator
module. The Solidworks design of the actuator module is
shown in Fig. 3. The position of a finger linkage structure
is measured by the potentiometer for the human side,
and that of an actuator is measured by the embedded
potentiometer in the linear motor. The transmitted force
is controlled by the deflection of the linear spring.

Because the transmitted force is applied and measured
using the linear spring deflection, the hand exoskeleton
system does not require a force sensor. This mechanism
makes the design of actuator module compact, and the
sensitivity of measuring force is easily adjusted by the
spring constant.

2.3 Design of a Linear Spring

The linear spring plays a very important role in the
proposed force-controllable actuator module because the
force is transmitted through the spring. Thus, the spring
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Table 1. Parameters of the spring design

Modulus of rigidity G (kgf/mm2) 7500

Diameter of a spring wire d (mm) 0.6

Mean diameter of a spring D (mm) 6.5

Number of turns n 10

Spring constant k (N/mm) 0.434

constant should be carefully determined because maxi-
mum force and sensitivity of the actuator module are
determined by the spring constant.

The actuator module should be able to generate the max-
imum grip force to apply any amount of interactive forces
from virtual objects to the fingers. The grip forces were
experimentally measured by Tekscan Grip sensor (Tekscan
[2013]) shown in Fig. 4(a). Seven healthy persons (four
males, three females, age: 24±4.3) were participated in
measuring grip forces. They were asked to grip a solid
plastic cup with size of 6.4 cm diameter smoothly for 30
seconds. Each person had the test for five times. The aver-
age grip forces of each finger were calculated for male and
female participants. The experimental results are shown
in Fig. 4(b). The grip force of the thumb was largest for
all participants, which are about 8 N for males and about
6 N for females.

In our previous work, we designed the linkage structure of
the hand exoskeleton system whose fingertip can be moved
by the actuator installed at the back of the hand (Jo and
Bae [2013]). Also, the simulation results showed that the
fingertip could be flexed to 80 deg and hyper-extended
to 30 deg with about 25 deg actuator link motion. With
the previously designed exoskeletal structure and actuator
module in Fig. 3, it was verified that the 25 deg rotation
motion could be achieved by about 20 mm linear motion of
the actuator. Thus, the linear motor with stroke of about
20 mm is necessary, which can make maximum 20 mm
deflection. Considering the maximum force and deflection,
the required spring constant is about 0.3∼0.4 N/mm.

The spring constant is calculated as follows (Budynas and
Nisbett [2011]):

k =
Gd4

8D3n
(3)

where G is the modulus of rigidity, d is the diameter of
a spring wire, D is the mean diameter of a spring, and
n is the number of active coils. Considering the size of
the linkage structure and the linear motor, the design
parameters were determined to make the spring constant
0.434 N/mm. The determined variables for spring design
are listed in Table 1.

2.4 Design of the Motor Driver

The motor driver to control the linear motor should also be
compact enough to fit with the small actuator module. The
motor driver for the linear motor was manually designed as
shown in Fig. 5. Fig. 5(a) shows the circuit design for the
actuator, and Fig. 5(b) is the actually manufactured motor
driver. The control input to the motor driver is converted
to a PWM signal and a full H bridge circuit is applied for
normal/reverse motion of the electric motor. The size of
the motor driver is 27 × 14 × 4 mm, which is small enough
to attach at the top of the linear motor.

(a) Tekscan Grip sensor
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(b) Grip force distribution of each finger

Fig. 4. Experimental results on grip force

(a) Circuit design (b) Manufactured motor driver

Fig. 5. Small size motor driver

2.5 The manufactured actuator module

The force-controllable actuator module was actually man-
ufactured as shown in Fig. 6. To satisfy the required force
and stroke range, a linear motor with 20 mm stroke, 9 N
maximum force and 25 mm/sec speed was selected as a
main actuator (Firgelli [2013]). The linear spring designed
by the parameters in Table 1 was applied. The potentiome-
ter to measure the finger motion was placed to the top of
the actuator module because of the limited space. The
motor driver was attached to the top of the motor and
hidden by a manufactured cover to protect electronic lines.
The structure was manufactured with nylon material using
a rapid prototyping technology. The size of the actuator
module is about 18 × 77 × 36 mm, and the weight is about
30 g.
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Fig. 6. Manufactured actuator module

-10 -5 0 5 10

-0.4

-0.2

0

0.2

0.4

Velocity (mm/s)

C
o
n
tr

o
l 
In

p
u
t 

(V
)

 

 

Experimental Results

Curve Fit

Fig. 7. Friction identification

3. CONTROL OF THE ACTUATOR MODULE

3.1 Control Algorithm with Friction Compensation

An electric motor is usually used with a gear reducer
to adjust the force or speed range as desired. The gear
reducer amplifies the output force, but it also amplifies
friction of the motor. If the gear ratio is so large that
the geared motor is not back-drivable, then the friction
should be appropriately compensated for natural human-
robot interaction. Since the friction in the motor is the
dominant nonlinearity which prohibits high control per-
formance in position tracking, the force-controlled ability
of the proposed actuator module is significantly decreased
without appropriate friction compensation.

In the proposed actuator module, a linear motor with
gear ratio 30:1 was used, thus friction of the motor is not
negligible. To compensate friction of the motor, the friction
model was experimentally identified. Figure 7 shows the
experimentally obtained control inputs at various veloci-
ties of the motor. Then, the friction is modeled by,

f = a+ b · sgn(vA) + c · vA (4)

where vA is the velocity of actuator. Each term in (4)
represent bias, Coulomb friction, and linear damping, re-
spectively. By curve fitting, the parameters in the fric-
tion model were identified as a = 0.05, b = 0.2, and
c = 0.003475.

The linearized motor model by the friction compensation
was controlled by a PID controller. The PID gains were
tuned manually. Figure 8 shows the control block diagram
of the actuator module.

The frequency response of the closed loop control system
was experimentally obtained as shown in Fig. 9. In the
experiment, sinusoidal signals with 5 mm magnitude and
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Fig. 8. Block diagram of the control algorithm

10
0

10
1

10
2

-40

-20

0

20

Frequency(rad/sec)
M

ag
ni

tu
de

 (
dB

)

Fig. 9. Frequency response of the closed loop control
system

different frequency were swept. As shown in the figure,
the bandwidth frequency of the actuator module is about
10 rad/sec. Considering the maximum speed of the linear
motor, the experimental results show that the control
algorithm guarantees the maximum performance of the
motor.

3.2 Experimental Verification of the Control Algorithm

The position tracking performance with the proposed
control algorithm was verified by experiments. Figure 10
shows the tracking performance of desired trajectory with
a sinusoidal signal of 0.5 Hz frequency and 5 mm mag-
nitude. The linear motor follows the desired trajectory
within 0.5 mm error. In order to test the tracking perfor-
mance for an arbitrary trajectory, the desired trajectory
was set to the potentiometer signal of the human side, and
it was moved arbitrary, Figure 11 shows the experimental
result with an arbitrary desired trajectory. With the arbi-
trary motion, the tracking error is more irregular than that
of the sinusoidal signal, but the tracking error is below 1
mm with about 10 mm change in the desired position.

4. PERFORMANCE VERIFICATION OF THE
ACTUATOR MODULE WITH THE HAND

EXOSKELETON

The proposed actuator modules were actually assembled
with the hand exoskeleton structure proposed in (Jo and
Bae [2013]). In this design, the generated force is delivered
to the fingertip through the exoskeletal linkage. Also,
the exoskeletal structure allows three degrees of freedom
and enough extension/flexion movement to each finger for
natural interaction with the hand. Figure 12(a) shows
the 3D design of the hand exoskeleton system with the
assembled actuator modules, and Fig. 12(b) shows the
actually manufactured hand exoskeleton. Two actuator
modules were installed for the experiments.
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Fig. 10. Position tracking with a sinusoidal desired trajec-
tory
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Fig. 11. Position tracking with an arbitrary desired trajec-
tory

The force control performance with the actual exoskeleton
structure was experimentally verified. In this experiment,
the desired force was set to a sinusoidal signal with the
frequency of 0.5 Hz and the amplitude of 5 N and the
human side potentiometer moved along arbitrary motion
of the finger. By using (2) and manually designed spring
constant, the desired motor position (Fig. 13(a)) for force
mode control was calculated in real time by the desired
force and the finger position. Figure 13 shows the per-
formance of desired force generation with arbitrary finger
motion. Even with the arbitrary motion of the finger, the
force is generated as desired with the error of about 0.5 N.

(a) 3D design of the hand exoskeleton

(b) Manufactured hand exoskeleton

Fig. 12. Hand exoskeleton with actuator modules

5. CONCLUSION

In this paper, a compact and force-controllable actuator
module for a hand exoskeleton system was proposed and
its performance was verified by experiments. To develop
a compact and force-controllable actuator module, series
elastic actuator (SEA) mechanism was applied. In this
mechanism, the spring installed between the actuator and
the exoskeleton frame acts as a force sensor, which reduces
the size and weight of the actuator module and enables
force mode control. The spring was manually designed
considering the maximum grip force and required actuator
stroke. For the control of the actuator module, the geared
motor was linearized by friction compensation, and a PID
controller was applied. The experimental results showed
that the proposed actuator module could generate the
desired force accurately with an arbitrary finger motion.

As the future work, the actuator module will be installed
to all five fingers, and the applied forces to the fingertips
from the actuator modules will be compared with actual
interactive forces from real objects. With those data,
actuator modules will be revised and upgraded.

19th IFAC World Congress
Cape Town, South Africa. August 24-29, 2014

4457



2 4 6 8 10 12 14
0

5

10

15

20

Time (sec)

P
o
s
it
io

n
 (

m
m

)

 

 
Desired (Motor) Measured (Motor)

(a) Desired and measured motor position

2 4 6 8 10 12 14
-10

-5

0

5

10

 

 
Desired Measured

Time (sec)

F
or

ce
 (

N
)

(b) Desired and measured force

2 4 6 8 10 12 14
-1

-0.5

0

0.5

1

Time (sec)Time (sec)

E
rr

or
 (

N
)

(c) Force error

Fig. 13. Force control with arbitrary finger motion
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