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Abstract - This paper reports on the position and force
control of pneumatic artificial muscles reinforced by straight
glass fibers. This type of artificial muscle has a greater con-
traction ratio and power and a longer lifetime than conven-
tional McKibben types. However, these muscles are highly
non-linear; hence, it is difficult to use them in a mechanical
system. Furthermore, this actuator has a high compliance
characteristic. Though this characteristic is useful for human
interactions, the position and force of this actuator cannot be
easily controlled.

In this paper, a mathematical model of this type of artificial
muscle is proposed, and the relationship between design pa-
rameters and control specifications is realized. In addition, the
position and force based on the mathematical model are de-
termined and applied to artificial muscle linearization.

Index Terms — Pneumatic artificial muscle, mathematical
model, feed-forward linearization, position control

1. INTRODUCTION

Pneumatic muscle actuators have lower weight, higher
force and greater flexibility than other actuators. Therefore,
they are in the spotlight as actuators for rehabilitation ro-
bots [1] and power assist robots [2] and to provide similar
functions elsewhere.

Artificial muscles reinforced by straight glass fibers have
been developed [3]. This type of muscle has a greater con-
traction ratio and power and a longer lifetime than conven-
tional McKibben types [4]. In addition, in dynamic evalua-
tions they have almost the same characteristics as human
muscles in performing isotonic and isometric contractions
[51[6]1[7]. However, since this type of muscle is highly non-
linear, the position and force of this actuator cannot be eas-
ily controlled. Furthermore, because there are many pa-
rameters comprising an artificial muscle, experimental in-
spection is needed to create a geometrical shape satisfying
control specifications.

In this paper, a mathematical model of the artificial mus-
cle reinforced by straight fibers is proposed, and the rela-
tionship between design parameters and control specifica-
tions is realized. In addition, the position and force control
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Fig. 1 A photograph of the artificial muscle.

based on the mathematical model are determined and ap-
plied to the artificial muscle.

This paper consists of six sections. In the second section,
the artificial muscle reinforced by straight fibers used in
this research is explained. In the third section, a geometric
model is decided upon, and a mathematical model is de-
rived from a state of mechanical equilibrium developed
with air pressure. In the fourth and fifth sections, the posi-
tion and force control based on the mathematical model is
examined and applied. In the sixth section, the results from
this research are summarized.

II. THE PNEUMATIC ARTIFICIAL MUSCLE
REINFORCED BY STRAIGHT FIBERS

Fig.1 shows a photograph of the artificial muscle. The
tube is made from natural latex rubber, with glass fibers in-
serted in the long axis direction and fixed at either end by a
terminal. When a certain pressure is created in the tube, be-
cause the muscle can only expand in the radial direction,
the contraction occurs is in the axis direction. The rings in-
stalled on the tube are able to change the ratio between the
length and diameter of the muscle.

II1. DERIVATION OF THE MATHEMATICAL MODEL
OF THE ARTIFICIAL MUSCLE
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Fig. 2 The shape model of the artificial muscle from the Z-axis view.

A. A geometric model of the artificial muscle

Before developing the mathematical model, the shape co-
efficients were determined from the internal pressure oc-
curring in the muscle. In this case, based on Pascal’s prin-
ciple, we assumed that the pressure occurs in a radial direc-
tion in the inner tube. Hence, when the artificial muscle is
contracted, a cross section of the axial direction is assumed
to have the circular shape shown in Fig. 2.
From Fig. 2, the following equations are derived:

r=l—° (1)
2,
ZO_Zzizl_m )
ZO ZO ¢0
d,—d, _ 1 —cos g, 3

ly %,

Here, the initial length and diameter are /, and d, respec-
tively. The length and the maximum diameter when the
muscle is contracted are / and d,,, respectively. Finally, the
shape of a circular curve is indicated by a radius » and cen-
tral angle 2 ¢, respectively. The range of ¢, is 0< @< 7 /2;
x is the contraction length expressed as x = [,— .

Next, the geometric model given by the above expressions
is compared with the geometric shape of the actual artificial
muscle. Fig. 3 shows the relationship between the contrac-
tion and the maximum diameter when the ratio between the
length and diameter is changed and the muscle takes on a
load. The experimental curve is a dimensionless contraction
and expansion with an initial length /,. The theoretical
curve applies eq.(2) and (3). These figures show that the
experimental curve is almost the same as the theoretical
curve regardless of the change in the load and /,/d ratio.
Therefore, there is no hindrance even if the geometric
model of this artificial muscle is assumed to be a circle.

The circular shape of this artificial muscle is determined
by two variables,  and ¢,. If the feed-forward control is
applied to the muscle in real time, it is also desirable to
have only contractions that can be measured in real time by
a sensor. Therefore, in this paper we try to estimate a curve
model to determine function-only contractions.
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Fig. 3 Theoretical and experimental results of the relationship
between contraction ratios and expansion ratio

Using eq.(2) and (3), the ¢, is expressed by the following
equation:

¢ — 210 (dm — dO)

Y-+, —dy)’
An approximation of the theoretical curve is expressed by
the following equation:

d,=a(xl)” -d, (0<x<0.363) (5
As a result of an approximation by the least-square method,
ais 0.75. Then, using eq. (1), (4), and (5), we express ¢ as
200" 03
G (x)=——5—.
(ly—x)+a’x

“4)

(6)

B. The mechanical equilibrium model

A mechanical equilibrium model using the external load
and air pressure is expressed based on the geometric model.
The following conditions are assumed:

- When the artificial muscle expands, the thickness of
rubber remains constant.

- Young’s modulus of glass fibers has a much larger
value than that of natural rubber; glass fibers do not
stretch.

- The number of fibers is an even number.

Fig. 4 shows a 3-dimensional quarter model of the artificial
muscle. It is best to assume mechanical equilibrium in both
the axial direction (X axis direction) and radial direction (¥



Fig. 4 A 3-D quarter model of the artificial muscle.

axis direction) in this artificial muscle.
(1) Mechanical balance in the axial direction

A mechanical equilibrium model of the axial direction
was derived. P is the pressure impressed on the inside of
the artificial muscle, and g is the stress due to the tension
of the fibers. The resultant forces in the x-axis direction P,
and S, are expressed by the following equation:

Pd;
P=—=" ™
4

S, =-nbt,o,cosg,(0<nb<m;), (8)
where n is the number of fibers, b is the width, and ¢, is the
thickness. If ) is the load impressed on the artificial mus-
cle, then the equilibrium in the x-direction is expressed by
the following equation:

P.+S.+F=0 O]
Therefore, o; is expressed by the following equation:

o - AF, + 7Pd;
" 4nbt, cos g,

(2) Mechanical balance in the X-Z plane

(10)

A mechanical equilibrium model in the X-Z plane was de-
rived. The resultant force in the radial direction consists of
the elasticity of the rubber Sy, the force of the Y-direction
ingredient that caused the tension in the fibers, and the re-
sultant Py of the Y-direction ingredient derived from the
pressure P.

The elastic force of the rubber Sy was examined. The dis-
tortion of radial-direction rubber is expressed by the fol-
lowing equation (Fig.2):

d—-d, 2r(cos¢—cosg,)
dy d,
Taking oy as the stress of the rubber, the following equa-
tion is derived:

K
o, =d—(d—d0) =

0 0

)

2rK

(cos¢—cosg,) (12)
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Fig. 5 The shape model of the artificial muscle from the X-axis

VIEW.
K is the elasticity coefficient of natural rubber used in the
artificial muscle; it equals 22.4kPa. By integrating eq. (12)
in the central angle ¢, of a circular shape, the elasticity of
rubber Sy is expressed by the following equation:

%o 2
Sg =4IJO'9Fd¢= 8r ki (Sil’l ¢0 _¢0 cos ¢0)(13)
0 0

where ¢ is the thickness of the artificial muscle.
The resultant force in the radial-direction axis
Sy, which causes the tension in the fibers, was examined.
Fig. 5 shows the shape model of the artificial muscle from
the view of the X-axis. Sy is expressed by the following
equation (Figs. 4 and 5):

S, =Mdto, =Mdto,sing, (0SM<2) (14)

M is the coefficient for the fibers of the artificial muscle
and is expressed by the following equation:

% L(m)
M = Z j sin 0d0 m=123...) (15)
ey L(m)fﬁ
L(m) = 2m —1)(7d, — nb) N mb (16)
nd, 2d,
When eq. (10) is substituted for eq. (14), the following
equation results:
dyM(4F, + nPd,
_LMUEFE, + 7 O)tan¢0 (17)

g 4nb
The resultant force in the radial-direction axis Py is calcu-
lated by the following equation:

dm z
P = —4L2 dsz P cos e%de (18)
T 5

Equations eq. (19) and eq. (20) are derived from Fig. 4.

%:%+r(cos¢—c0$¢o) (19)
dx =—rcosgdg (20

When eq. (18) is substituted by eq. (19) and (20) and inte-
grated, P is expressed by the following equation:

P, =—4rP(r¢, —rsing, cosg, +d, sing,) (21)
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Fig. 6 Configuration of the experimental system.

The resultant force equilibrium in the X-Z plane is ex-
pressed by the following equation:

SptS,+P,=0 (22)
When eq. (22) is substituted by eq. (13), (14), and (21) and
re-ordered, P is expressed by the following equation:

2 .
2Kt I, || sing, —qZ)O cosg, N EM ang,
d, \ d, & dnb
- 2 . .
[IOJ [¢0 —sm¢2§0 cos¢gJ+2[loJ sm¢0) _mM ang,
dO ¢0 dO ¢0 4nb

(23)
When eq. (23) is substituted by eq. (6), the expression of
the relationship between the contraction x and pressure P is
found. The first term of the numerator concerns the expan-
sion of the rubber; the other term concerns the load. The
first term of denominator concerns the internal expansion
pressure; the other concerns the fibers of the artificial mus-
cle.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The validity of the mathematical model was examined ex-
perimentally. Concretely, the experimental result of the re-
lationship between the pressure and the contraction ratio

with changes in the ratio of /y/d, or the load was compared

with the theoretical curve given by the mathematical model.

A. The experimental system and specifications of the artifi-
cial muscle

Fig. 6 shows the experimental system using the artificial
muscle. Pressure is applied to the artificial muscle through

Table 1. Specifications of the artificial muscle.

Outer Diameter of the Tube 15.0 mm
Inner Diameter of the Tube 14.0 mm
Axial Length of the Tube 80 mm
Number of Rings 0,1 and2
Actual /y/d, (Ring0: Ringl: Ring2 =[5.71: 2.92: 1.86)]
Load 0.0N, 20N 40N
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an Electro-Pneumatic Proportional Valve.

The condition of the artificial muscle was measured by a
displacement sensor, pressure sensor and load sensor. All
of the measured signals were recorded in a PC through an
AD converter. Table 1 shows the specifications of the arti-
ficial muscle. Actually, the ratio /y/d, corresponded to the
number of rings, such that Ring0: Ringl: Ring2 =[5.71:
2.92: 1.86]. The value of the underlined part is the normal
specification.

B. A Changing ratio of lyd,

Fig. 7 shows the result of the comparison between the theo-
retical and experimental results of the relationship between
pressure and contraction ratio as a function of /)/d,. At low
pressures, both the theoretical and experimental results
show that as the ratio /;/ d, increases, the contraction ratio
increases as well. One characteristic of this artificial muscle
is a sudden rise in the contraction ratio in the middle level
of pressures; the mathematical and experimental results
were similar. The mathematical model adequately corre-
sponded to the change of the ratio /,/d), but the experi-
mental result of Ring0 was smaller than the theoretical re-
sult. This is because rubber is non-linear; hence the geo-
metric model was not a circle.

C. A Changing of load
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Fig. 8 shows the result of comparing the theoretical and N ‘ ‘ ‘ ‘ !
experimental results of the relationship between the pres- 0 5 10 Is 20 25 30
sure and contraction ratio as a function of the loads. This Time [s]

comparison shows that the theoretical and experimental re-
sults are almost the same, even with a change in the load
parameter at the middle of the pressure range.

V. POSITION AND FORCE CONTROL OF THE

Fig.11 Dynamic characteristics of the artificial muscle without force
inner feedback.

we can see that the variation in the contraction distance is
caused by changing the load characteristics since the pres-

ARTIFICIAL MUSCLE sure cannot correspond with changes in the load. Therefore,
A. Composition of Position control based on the mathe- the artificial muscle must be controlled by the pressure that
matical model adjusts to an arbitrary load. Fig. 12 shows the dynamic

characteristics of the artificial muscle in the case of the ap-
plication of inner force feedback. The contraction of this
artificial muscle can maintain the target value because pres-
sure is controlled to an appropriate value by inner feedback
according to changes in the load.

If the contraction x has a target value x,, the pressure P,
given by eq. (23) is the pressure to realize the target value
x,4. Therefore, the contraction x to get pressure P and the
target value x, is a linear relationship. In this paper, these
previous compensations are called the feed-forward lineari-
zation. If this method can be applied to this artificial mus- B. Composition of the force control based on the mathe-
cle, the muscle will be easier to use in a mechanical system matical model
because the differences in shape parameters such as the
ly/dy, the thickness of the tube, etc. can be taken into con-
sideration. Furthermore, by substituting the measured force
for Fin eq. (23) as inner feedback, the influence of the
load on the position control can be reduced. Fig. 10 shows
the experimental result of the position control using the
feed-forward linearization as a parameter of the load. At a
low-pressure level, error occurs, but there was no sudden
rise at a middle level of pressure. This shows a good linear
relationship.

Dynamic characteristics of the position control are im-
portant. Fig. 11 shows the dynamic characteristics of the ar-
tificial muscle without inner force feedback. In this figure,

We next discuss the force control of the artificial muscle. A
block diagram of the force control of the artificial muscle
based on the mathematical model is shown in Fig. 13. This
control system is created by substituting the measured con-
traction distance for x in eq. (6) as an inner feedback.
Further, by using F;in eq. (23) as the target value F,, the
target force can be specified. Fig. 14 shows the experimen-
tal results of the relationship between the target forces and
measured forces as a parameter of the contraction distance
when applying the proposed force control system. As is
shown in this figure, the measured force exists near the tar-
get value even though the contraction distances have
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changed. Therefore, it confirms that the force of this artifi-
cial muscle is controlled by the proposed method.

In the future, by applying an outer force feedback control
(the broken line in Fig.13), the measured force will be more
precisely controlled. Furthermore, if the position and the
force control were to be combined, the determination of the
compliance control could be realized.

6. CONCLUSIONS
In this paper the derivation of a mathematical model of
the artificial muscle reinforced by straight fibers is realized
and examined by feed-forward linearization. Our results
show the following:

1. The derived mathematical model and the experi-
mental results adequately corresponded to changes
in the ratio /y/d, and the load.

2. The proposed position control based on the mathe-
matical model as a prior compensation was applied to
the artificial muscle. The result was targeted, and the
output value showed a good linear relationship.

3. The proposed force control was applied to the artifi-
cial muscle. As a result, the force of this muscle is
controlled to the target value.

In the future, we would like to discuss how this type of arti-
ficial muscle can be applied to a soft robot manipulator.
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