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Dear editor,
Many countries are facing the social problem of
an increasing aging population, which means that
the demand for professional caregivers will be in-
creasing. Meanwhile, people suffering from stroke,
various injuries to joints, or some other physical
diseases of the knuckles are also in desperate need
of physical support [1]. While the human resources
for those problems are utterly inadequate, robot-
assisted devices are promising solutions to these
problems. Soft pneumatic actuators have shown
great potential in assisted devices, prosthetics, and
rehabilitation applications. They can either ex-
tend or contract as the air pressure changes, de-
pending on the elasticity of the rubber and the
design of the fiber-wrapping, providing a traction
force when compressed air is supplied.

Based on traditional linear pneumatic muscles,
soft bending actuators were proposed because cer-
tain actions such as twisting, rotating, and curv-
ing cannot be performed directly by conventional
rigid-bodied robots [2, 3]. Al-Fahaam et al. [3]
fabricated a bending pneumatic muscle based on
a 260q Qualatex latex modeling balloon, which
increased in length with applied air pressure.
Zhao et al. [4] developed a low-cost closed-loop-
controlled soft orthotic that can provide sufficient
tip force at each finger to facilitate easy grasping
of light objects. Guo et al. [5] proposed a dynamic
model for a continuum robot with a compliant

structure but only the static characteristics were
validated. A finite-element method model was de-
signed for a bending pneumatic muscle working in
free space, and a static model of a flexible pneu-
matic bending joint was proposed [6,7]. The bend-
ing pneumatic actuator maintains a low profile, is
light weight, has compliant nature, and is robust
against pressurization; however, achieving a pre-
cise control of this actuator is difficult. Although
the dynamic model plays an important role in the
control of bending pneumatic actuators, to the
best of our knowledge, this issue continues to be
rather challenging.

This study presents a design for a new fiber-
reinforced bending pneumatic muscle and proposes
a dynamic modeling method for the bending pneu-
matic actuator. The parameters of this model
were identified empirically using a high-speed cam-
era. Most related studies have employed statisti-
cal models of such an actuator. To the best of our
knowledge, this study might be the first to attempt
the dynamic modeling of a bending pneumatic
muscle. Finally, experiments were conducted to
verify the reliability of the proposed model.

Design and modelling of fiber-reinforced bend-

ing pneumatic muscle. The fiber-reinforced bend-
ing pneumatic muscle was based on linearly actu-
ated artificial muscles. A piece of fiberglass was
attached to one side of the tube, such that this
fixed side cannot extend or contract when the air
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Figure 1 (Color online) (a) Fabrication of the fiber-reinforced pneumatic muscle; (b) photographs of the actuator at
different air pressures; (c) experiment apparatus; (d) experimental result when the input is 0.5 Hz; (e) experimental result
when the input is 0.25 Hz.

is supplied (see Figure 1(a)). Because the other
side can still be deformed as the air is supplied,
the actuator will bend toward the fixed side with
the increase of air pressure. One end of this ac-
tuator was plugged with a white, 3D-printed end
cap, which works as a choke plug and an identify-
ing mark for visual recognition for the position of
the end cap (see Figure 1(b)). The compressed air
will be fed in from the other end through a pipe,
which is fixed on a black acrylic board, known as
the reference point, in visual recognition.

Herein, visual recognition was applied for real-
time position sensing and the identification of the
proposed dynamic model. Noticing that the shape
of the actuator is extremely similar to an arc, the
bending angle of this actuator is related to the dis-
tance between the two ends, which can be written
as follows [8]:
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where D is the distance between the reference
point and the white distal end; L is the length
of the deformable side; and L0 is the length of the
fixed side, which is a measurable constant as the
fixed side will not contract; d is a constant indicat-
ing the radius of the actuator, which varies little
when inflated; and θ is the bending angle of this
actuator.

Thus, the bending angle can be substituted by
the distance D or length L, which also means that
D and L can completely indicate the state of this
actuator.

An agonistic-antagonistic pneumatic muscle
was described using a second-order differential
equation [9]. Considering that the deformable

side of this fiber-reinforced pneumatic muscle is
free to stretch like the agonistic-antagonistic pneu-
matic muscle, the dynamic character of this actua-
tor could be similar to the three-element dynamic
character of the agonistic-antagonistic pneumatic
muscle. In this case, we considered the change in
length of the deformable side as the output

x = L0 − L. (3)

The air pressure in the actuator p is considered
as the input. The second-order differential equa-
tion is represented as the initial equation of the
dynamic model

M · ẍ+N · ẋ+Q · x = P, (4)

where M , N , Q, and P are the air pressure-
dependent functions, which are yet to be identi-
fied.

Parameter identification. The toolbox of CFT-
OOL in Matlab was applied for the parameter
identification problem. First, a series of step sig-
nals varying from 0 to 3.0 bar was input and the
corresponding outputs were recorded for identify-
ing Q and P . The first- and second-order deriva-
tive values are zero in this situation. The bend-
ing pneumatic muscle platform is shown in Fig-
ure 1(c).

According to the fitting results in the Appen-
dix A, a potential field model of different types
can be described based on the sigmoid function.
Applying the sigmoid function, we obtain

P = eb1·p, Q = a1 · e
b1·p + c1, (5)

where a1, b1 and c1 are all constants and shown in
Table A3 of the Appendix A as well as the param-
eters in M and N .

Meanwhile, the fitting curve exactly matches
the principles of the fiber-reinforced bending pneu-
matic actuator. The motion of the bending pneu-
matic muscle can be divided into three phases,
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namely a low-pressure phase, a rapid-bending
phase, and a close-to-saturation phase. When the
air pressure is relatively low (0–0.8 bar) and the
rubber tube expands to the braid mesh, the actu-
ator undergoes a small deformation (low-pressure
phase). The tube is strictly limited by the braid
mesh, and the rubber contracts rapidly (rapid-
bending phase). Finally, when the air pressure is
higher than 2.5 bar, the motion of the actuator
is minimal (close-to-saturation phase). The whole
process acts exactly like the sigmoid growth curve;
therefore, the static model can be fitted by a sig-
moid function.

To determine the functions that describe M and
N , a sinusoidal signal of air pressure was input for
the dynamic response with a period of 2 s. The
peak value of the input is 2.4 bar, whereas the bot-
tom value is 0 bar. The output curve was similar
to sinusoidal functions; thus, the bottom and peak
were the points wherein ẋ was 0. These extreme
points can be used to calculate the value of M ,
which is shown in Table A3 (Appendix A). Then,
the fitting surface for N was obtained by calculat-
ing all the output values. Similar to P and Q, the
function for N can be written as follows:

N = a2 · e
b2·p + c2. (6)

All the parameters are shown in Table A3 of
Appendix A. Finally, an empirical dynamic model
of this fiber-reinforced pneumatic muscle was iden-
tified. The identification details are listed in Ap-
pendix A.

The parameter a2 is much smaller than the
other parameters due to several reasons. N cor-
responds to the damping coefficient in the three-
element model of a pneumatic muscle. The fluid
friction in the inlet of the pneumatic muscle did
not affect the overall damping. However, the fric-
tion between the outer sheath and rubber tube
slightly varies little with changes in the air pres-
sure [9]. In this case, N was almost constant and
a2 was very small.

M · ẍ+ (a2 · e
b2·p + c2) · ẋ+ (a1 · e

b1·p + c1) · x

= eb1·p. (7)

Experimental results. To verify the reliability of
this dynamic model, a simulation was conducted
according to (7). Considering the same input as
the sinusoidal signal input for identification, the
corresponding output was calculated. Figure 1(d)
shows the comparison between the recognition and
simulation results, indicating that the dynamic
model can describe the dynamic characteristics of
a bending pneumatic muscle to a good extent. In

addition, another simulation with a 0.25-Hz input
signal was conducted; the result is shown in Fig-
ure 1(e). Simulation results suggested that the dy-
namic model of a bending pneumatic muscle was
reliable.

Conclusion. Herein, a new fiber-reinforced
pneumatic muscle was proposed. The dynamic
model of this pneumatic muscle was described us-
ing a second-order differential equation. The pa-
rameters in the empirical model were identified ex-
perimentally based on visual recognition, and the
simulation results showed that the model was re-
liable.
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