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Multi-jointed robot finger driven by artificial muscle actuator

Nguyen Huu Chuc, Jong Kil Park, Nguyen Huu Lam Vuong, DukSang Kim, Ja Choon Koo,
Youngkwan Lee, Jae-do Nam, Hyouk Ryeol Choi

Abstract— In this paper we present a robotic actuation sys-
tem by artificial muscle actuator based on dielectric elastomer.
A novel linear actuator called “multi-stacked actuator” is
presented, which can be embedded in the phalanges of the
finger and ensures a compact design of the overall system. As
an exemplary work, a two degree—of-freedom robot finger is
developed and its performance is experimentally demonstrated.
The proposed system can be extended to the multi-fingered
robot hand easily, and applied even for articulated mechanisms
such as legged robots etc.

I. INTRODUCTION

A wide variety of robot hands have been developed
up to now, which are mostly driven by servomotors[1],
[2], [3]. Although motors achieve acceptable performance,
their major limitation is that they are voluminous, heavy
and require complex transmission mechanisms. The above
shortcomings are major sources of restricting robot hands
solely in laboratory use. In fact, existing robot hands are
relatively heavy compared to the human hand owing to the
weight of motors and complex transmission mechanisms. As
one of the most demanding applications, a recent survey on
the satisfaction with prosthetic devices have reported that
approximately 23% of the participants were dissatisfied with
the weight of their prosthetic limb [4].

This research is aimed at overcoming the shortcomings of
conventional actuators by utilizing an artificial muscle actua-
tor. The emergence of active materials such as ElectroActive
Polymers (EAPs) or Shape Memory Alloys(SMA) whose
characteristics are similar to those of human muscles, have
encouraged the development of the artificial muscle actuator
and extended to robot hands actuated with it. Recently,
several robot hands using the artificial muscle actuators
have been developed[5], [6], [8], [7]. These actuators have
advantages of lightweight without adding mechanical com-
plexity. Also, EAP actuators have many attractive properties,
typically soft, inexpensive, and fracture tolerant[9], [10].
Among them, dielectric elastomer actuators are one of the
most prospective because of their large deformation and
high force density, and cost effectiveness[11]. Actuators
made from the dielectric elastomer have been applied in
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the robots, micro devices, micro air vehicles, etc. So far,
various configurations of actuators have been proposed such
as planar, tube, roll extender, folding and stack, etc. [12],
[13], [14], [15], [16], [18], [17], [19]. In the previous report,
a new multi-stacked actuator using synthetic elastomer has
been introduced by our group[19]. The proposed actuator
has advantages for controlling each layer independently. In
this research, we present a two DOF(degree-of-freedom)
robot finger employing the multi stacked actuator. The multi
stacked actuator is embedded in the link, hence, the finger
becomes compact, simple in mechanism and lightweight. Its
design and control issues are briefly addressed in this report.

The paper is organized as follows. In the first, a multi
stacked actuator with trapezoidal actuator unit is introduced
in section II. In section III, the design of the joint using the
simple slider mechanism is described in details. In section
IV describes the finger mechanism utilizing multi stacked
actuator and the open-loop controller is mentioned in section
V. Finally, the conclusions are included in section VI.

II. MULTI-STACKED ACTUATOR
A. Actuation principle

The operational principle of the dielectric elastomer elabo-
rated in previous reports, is briefly introduced in this section
[9], [10], [11]. When a voltage is supplied across a dielectric
elastomer film coated with compliant electrodes on both
sides, the film shrinks in thickness and expands in area
accordingly as shown in Fig. 1. It is a kind of field-induced
deformation and the electrostatic force by the charges on the
surface of the film, called Maxwell stress, causes contraction
of the film along the thickness direction. Based on simple
electrostatic model, the effective pressure can be derived as

follows.
V2
p=eoe <3> (1

where p is electrostatic pressure (Maxwell stress), and &,
& mean the free-space permittivity (8.85 x 10~!2 F/m), and
the relative dielectric constant of the elastomer, respectively.
V denotes the applied voltage and d is the thickness of the
film.

In the previous report, we have developed the multi-
stacked actuator by using synthetic elastomer [19]. The
proposed actuator is designed to be directly driven by
Maxwell stress without using prestretching. In addition, it
produces a relative large displacement(up to 10 % of the
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Fig. 1. Operational principle of dielectric elastomer actuator
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Fig. 2. The operation principle of multi-stacked actuator

elastomer is utilized. Its fundamental principle of operation is
as shown in Fig. 2. When the voltage is applied between two
electrode layers, Maxwell stress is produced, and thus the
dielectric elastomer is compressed along the axial direction.
The compression of each layer results the lateral expansion of
the actuator because of the incompressibility of the polymer.
Consequently, the deformation of the multi-stacked actuator
is the sum of the deformation of each layer, and the total
deformation is expressed as follows:

N V)2
x:AL:ZALizNAL,-szL,,M

©))
i=1 Y

where Y, L, are respectively the Young’s modulus and the
initial length of multi-stacked actuator.

The principle of multi-stacked actuator is simple but its
performance is quite different depending on the design of
the actuator. In particular, the geometry of the actuator unit
has large influence on the performance of the actuator. In the
previous work, two types of design: the circular actuator and
the rectangular one have been designed.

B. Trapezoid Multi-stacked actuator

Recently, we proposed a folded actuator and compared
actuation performances depending on the geometric shape
of the actuator[19]. The folding, as shown in Fig. 8, makes
a free edge, which enhances the deformation of the actuator
because the boundary of non-active region obstructing the
deformation of the active region is partially removed. Ac-
cording to simulation with ANSYS as shown in Figs. 3 and 4,
the deformation of the active region reduces as the dimension
of the inactive boundary becomes large. When the boundary
length of the actuator increases, the compressed strain of
a circular actuator decreases. Consequently, the non-active
region should be minimized as small as possible and as the
result, a trapezoidal one is proposed.

The deformation of circular, rectangular and trapezoid ac-
tuator are simulated by ANSYS, the deformation of trapezoid
actuator is shown in Figs 5. The simulation is conducted
when the inactive region dimension (boundary length) of
actuator is 0.5mm, while the active region areas and thickness
are similar to the circular actuator, respectively are 300 mm2,
200 um. According to the simulation results, when three
actuators are applied with the the same voltage (same the
electric field 25 MV /m), the trapezoid actuator has better
performance than the rectangular and circular one as shown
in Fig. 6. The experiment results are described in Fig. 7.
Through the experiment results, it is noted that the folded
trapezoid actuator has better performance than the others.
Consequently, utilizing this actuator is very significant in
robotic applications.

Fig. 3. Deformation of active region and inactive region
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Fig. 4. The effect of the boundary on deformation of actuator layer.

The mechanism of the trapezoid actuator has been de-
scribed in Fig. 8 and the prototype of this actuator is
illustrated in Fig. 9. Firstly, the hexagonal pattern that is
coated with electrode both side is created. Next, this pattern
is folded to have one free edge. These folded actuators will
be stacked to become multi-stacked trapezoid actuator. The
developed multi-stacked trapezoid actuator has free stroke
about 5 % of inial length and it can lift a mass about 2 kg.

III. DESIGN OF THE JOINT
A. Joint mechanism

The multi-stacked actuator can generate the linear motion
like natural muscles without any mechanical substitute. Con-
sequently, it is necessary to transfer the linear motion into the
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Fig. 5. The simulation of trapezoid actuator unit
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Fig. 6. Deformation of different patterns of actuator.
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Fig. 8. The design of trapezoid actuator.

Fig. 9. The design of trapezoid actuator.

rotational one to apply in robot field. In this paper, a simple
slider crank mechanism is chosen to convert the linear motion
of multi-stacked actuator to rotational motion of crank. The
active elastic force of the multi-stacked actuator causes the
piston to translate along the vertical axis. This action causes
the link rotate an angle 6 as shown in Fig.10.

Multi
— stacked
actuator

Fig. 10. Slider crank mechanism

B. System analysis

The purpose of this section is to determine the total output
force and displacement of the link from the elastic force of
the multi-stacked actuator.

1) Position analysis: When the driving voltage is applied,
the multi-stacked actuator is compressed a length x, the link
L rotates an angle 0 calculated as follows:

(Lo+x)?>+ 13— L2
2(Lo +x)Ly
where L; and L, are the connecting rod and the crank

radius, respectively. Ly is the distance between the crank
and the actuator when 6 = 0.

pis
6 = = —arcos(

2 ) 3

2) Force analysis: The elastic force caused by the com-
pression of the multi-stacked actuator is calculated by the
Young’s modulus (Ep) of the synthetic elastomer material

589



and the compression of the multi-stacked actuator:
EO X Ag

‘a

(x+x0) 4)

Ferastic =

where Ap is the original cross-sectional area, L, is the
original length of the multi-stacked actuator and xy is the
initial pre-compression of the multi-stacked actuator.

The relation between the applied force Fy at the tip of the
link and F,;,q- of the actuator is calculated as follows:

L
Fy = Fuqic ¥ 7 X cosoy x cos(0 — ay)

L ) )
= Felastic X =~ % cosoly X (cosOcosay + sinBsinoy) 5)

where Ly, L, & and O are described in Fig. 10.
Assuming that 0, o € [0, %] and define a function f(x):

F@) =+ (Lo+x+Li + L) (Lo +x+L; — L)
xv/(Lo+x—Li+Ly)(—=Lo —x+ L + L) (6)

sin@, cos0, sinoy and cosoy can be expressed as follows:

oo (L+x)P+ -1
sinB = cos( 5 0)= Loty (7)
, f(x)
w050 — /1 — si2 — — S M
cosO = /1 —sin a(lo 1) ()
L+ (Ly+x)?—13
R 7
sinoy = /1 —sin%oq = % (10)

Replacing the results in Eq. 5, the final force at the finger
tip is illustrated as follows:

_ Egx Ao x (%0 +x) (L3 + (Lo+x)* = 13) x f(x)

2
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Fig. 11. The simulation results

Based on the analytical equations in Eqgs. 2, 3 and 11,
the relation between the applied voltage and the force, the
applied voltage and the angle of the link are shown in

590

TABLE 1
JOINT DIMENSION

Parameter Unit Value
Crank length (L) mm 2.5
Connecting rod (L) mm 10
Young’s modulus (Ep) MPa 0.6
Initial area (Ag) mm> 200
Tnitial length (L,) mm’ 50

11. The requirements of our design are those the link can
rotate an angle about 70° and can lift a mass about 200g
(the distance from the contact point to the rotational axis
is about 20 mm)at the voltage 4 KV. The results in Fig.
11 show the angle and the maximum force of the link at
different length of the crank. From the simulation results,
it is shown that the length of the crank 2.5 mm adapts our
proposed requirements. Therefore, the dimension of the link
is described in Table. 1.

C. Design of one DOF mechanism

Based on the slider crank mechanism, a one DOF mech-
anism is designed as illustrated in Fig. 12. The entire link
is manufactured from acryl and aluminum. The upper link
can move a maximum angle 65°. The implementation of the
link is described in Fig. 13. When the driving voltage is
applied, the upper link can rotate an angle from 0 to 65°.
The relation between the driving voltage and the angle of
the upper link is described in Fig. 14.

Ball bearing

Connecting md\\;;%pm i

Multi-stacked
actuator

Configuration of 1-DOF link

Fig. 13.

Implementation of 1-DOF link

IV. DESIGN OF MULTI-JOINT ROBOT FINGER

Based on the slider crank mechanism and the one DOF

mechanism, a multi—joint robot finger utilizing multi-stacked
actuator is designed as shown in Fig. 15. The finger includes
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Fig. 14. The relation between the driving voltage and the angle of the link

two DOFs and the entire finger is covered with acrylic mate-
rial. The lengths of distal middle, and proximal phalanges are
28.3mm, 59mm and 72mm, respectively as detailed in Fig. 16.
The total weight of whole finger is 80g. The prototype of the
finger is illustrated in Fig. 18.

Fig. 15. Configuration of the finger

Also, the joint ranges measured are as follows.
« First joint: 70°
« Second joint: 50°

V. DESIGN OF THE CONTROLLER

We developed a low level controller with a circuit com-
pletely packaged. The schematic diagram of the controller is
shown in Fig. 19. The microcontroller receives the command
from the computer through CAN communication. After that,
the microcontroller sends the command to high voltage
amplifier. Moreover, this microcontroller sends the PWM
(Pulse Width Modulation) signals to control high voltage
switching circuit to apply the high voltage for multi stacked
actuator. The high voltage switching as described in Fig. 20
uses IGBT( IXYS, IXEL25N250) for switching. Because the
IGBT can stand the maximum voltage which is 2.5 KV, to
switch the high voltage until 4 KV, two serially connected
IGBTs are needed to turn on and turn off the driving voltage
of multi-stacked actuator as shown in Fig. 20. The overall
circuit is as shown in Fig. 21. The output voltage of the
high voltage switch is plotted in Fig. 22. which displays
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b - first joint

Fig. 16. The dimension of the finger

Slidercrank mechanism

Distal Phalange

MiddlePhalange

Fig. 17. The real prototype of the finger

the voltage is successfully supplied to the mutlti-stacked
actuator.

VI. CONCLUSIONS

In this paper, a multi-stacked folded actuator based on
novel synthetic elastomer is presented. The linear motion
generated from the proposed actuator was converted to rota-
tional motion by utilizing a simple slider crank mechanism.
By using proposed mechanism, a multi-joint robot finger
was built. The advantage of this finger is lightweight and
compactness. The controller is useful to drive the finger in
high speed motion. In the near future, a multi-joint robot

i8] (b) ()

Fig. 18. The operation of the finger
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Fig. 21.  The circuit to control the finger
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Fig. 22.  The output voltage of switch circuit.

hand will be developed based on the proposed actuation
mechanism.
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