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ABSTRACT This paper proposes an air pressure supply structure for artificial muscles. The main body
of the structure comprises a hollow tube, an electromagnet in the outer layer, and a magnetic piston in the
inner diameter of the tube. At both ends, a hose interface connects the air inlet of the artificial muscle.
Under the action of controlling changes in current, the electromagnet nested in the outer wall causes the
movement of the piston by changing the force between the electromagnet and the magnetic piston and by
changing the law of air pressure in the tube. Because the inside of the tube is a closed space, the movement
of the magnetic piston in the tube causes a change in the volume of the gas at both ends, thus forming
pressure differences of different sizes and directions. Therefore, this air supply, with specific oscillatory
characteristics, can be used to produce the desiredmovement of artificial muscles. Through systemmodeling,
theoretical analysis, and simulation experiments of the connected pressure supply structure, we verified
that the system has inherent characteristics similar to a spring damping structure. In view of the inherent
characteristics of this kind of structure, this paper introduces the trend of input and output changes by
considering the deviation value, details how to improve the traditional neural network PID control algorithm,
and discusses the intelligent optimization of controller parameters. Simulation results show that the improved
control method can effectively overcome the nonlinear and coupling characteristics of the system, and
the gas supply structure can provide a continuous pressure supply curve of an arbitrary waveform and a
frequency within a certain amplitude range. The designed air supply structure was applied to a quadruped
robot, using its oscillating characteristics to generate rhythmic movement. Compared with the traditional
pressure control method, the piston was driven to produce reciprocating motion by fully exploiting the
energy stored in the compressed gas, so as to reduce the external energy input and reduce the comprehensive
energy consumption of the system. In addition, the control algorithm improved in this paper can meet diverse
pressure requirements for driving artificial muscles. Moreover, the independent control of leg support force
and stiffness can be realized by combining it with the antagonistic joints. This structure can be widely used
in the pressure supply of outdoor robot artificial muscle.

INDEX TERMS Adjustable stiffness and flexibility, pneumatic artificial muscle, pressure supply structure.

I. INTRODUCTION
The pneumatic artificial muscle (PAM) has been widely stud-
ied in various fields because of its low weight, small volume,
high flexibility, and good biocompatibility. Mirvakili and
Hunter [1] analyzed thematerial, structure, and drivingmech-
anism of artificial muscle and found that the performance
indicators of artificial muscle actuators, such as force, power,
cost, lifecycle, and efficiency, exceeded those of biological
muscle. Yin et al. [2] simulated an artificial muscle calf
joint model designed by a natural neuromuscular model and
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showed that it successfully performed over 92% of themuscle
activation that was naturally made by human participants.
Terryn et al. [3] applied the Diels–Alder polymer to arti-
ficial muscle, giving soft robots not only bionic flexibility
for absorbing shock and preventing body damage but also a
certain degree of self-healing ability. Park et al. [4] designed
a wearable robot device assisting in ankle-foot rehabilitation,
which utilized four PAMs to assist in dorsiflexion, flexion,
inversion, and eversion, and could provide active help without
limiting the freedom of the ankle joint. Das et al. [5] designed
an interactive glove for the human wrist to assist in the
movement of injured wrist joints for rehabilitation. Trivedi
and Rahn [6] improved the shape detection method of a soft
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robot so that its flexible manipulator could better adapt to the
environment and grasp objects of different sizes through the
operation of the whole arm. Radojicic et al. [7] combined a
PAMdriver and a rubber bellow driver to achieve controllable
joint stiffness and improve the safety of the system.

The traditional PAMmodel adopts the direct pressure sup-
ply mode based on an air compressor, which requires a large
volume for the pressure supply link and high overall energy
consumption. To apply PAM to a foot robot, an air compres-
sor must be installed, which increases the load and is not
always feasible. Therefore, this paper proposes an artificial
muscle air pressure supply structure with a low weight, small
volume, and convenient assembly. This structure is based on
the principle of a communication device; it can control the
air pressure of two muscles at the same time, and it can make
full use of the energy stored by compressed gas to greatly
reduce the comprehensive energy consumption of the system.
However, the nonlinearity, multi-coupling, and time-ductility
of the proposed structure make it difficult to control the air
pressure.

At present, the most widely used PAMmodels are the Col-
brunn model [8] and the Reynolds model [9]. Based on these
models, Colbrunn et al. [10] studied aerodynamic drive char-
acteristics and established a control model of the dynamic
airflow regulated by the solenoid valve. Tagami et al. [11]
took full account of the effect of the supply pipeline on
the output air pressure and improved the response capac-
ity of the pressure control by measuring the PAM inlet
air pressure value in combination with the compensation
circuit. Xie et al. [12] used the improved Generalized
Prandtl-Ishlinskii (GPI) model to build a length-pressure hys-
teresis model for PAM and modified the envelope function of
the operator in the model to an arctangent function, which
improved the ability to capture the relationship between
length and pressure hysteresis. Zhang et al. [13] used a
Kalman filter to estimate the model error and used the esti-
mated error for control compensation, which improved the
control performance. Ba and Ahn [14] and Vo et al. [15] used
time delay estimation to approximate the nonlinearity and
perturbation in the system, and then proposed a robust sliding
mode control compensator, which effectively overcame the
uncertainty, unknown quality, and high nonlinearity of system
dynamics. Tang et al. [16] improved the conventional nom-
inal characteristic trajectory following (NCTF) controller
by removing actual speed feedback and adding accelera-
tion feedback compensators to the model. The improved
NCTF controller greatly improved tracking accuracy com-
pared with the traditional NCTF and classic PID controllers.
With improvements in deep learning technology, new devel-
opments have been made in the PAM control mode. Sun and
Chen et al. [17] comprehensively analyzed themodel parame-
ter error, external interference, and influence of the air source
and proposed an online estimation system. The parameter
method, combinedwith an adaptive algorithm [18] and output
force control, could well cope with the error caused by model
time variation and air pressure control lag. Zhang et al. [19]

used the external input model implemented by the nonlinear
autoregressive moving average and recursive fuzzy neural
network to predict the characteristics of dynamic models with
rate- and load-dependent effects. Experiments showed that
the model could predict the dynamic hysteresis behavior with
rate- and load-dependent effects well. Chavoshian et al. [20]
used a particle swarm optimization algorithm to optimize
PID-DNN parameters. Compared with the traditional sliding
mode controller, the controller could track the reference sig-
nal more effectively under the complex environment of the
PAM model. Anh et al. [21] proposed a new adaptive neural
network control algorithm considering the influence of the
internal coupling effect and the external end-effect contact
force. It improved the compliance force/position output per-
formance of a highly nonlinear tandem PAM robot. Chiang
and Chen [22] proposed an intelligent adaptive control algo-
rithm considering the compressibility of air and the elasticity
of PAM materials. By adjusting the control gain of the fuzzy
sliding mode controller and the integrator to minimize the
tracking error, the adaptive control algorithm was realized.

The combination of artificial muscles and bionic antago-
nism joints has become a new trend of development as it can
realize the leg flexibility and the stiffness of the independent
control at the same time. Merola et al. [23] adopted an
antagonistic artificial muscle model to establish a feedfor-
ward compensation control system for calculating torque to
drive the nonlinear dynamics of the joint, and combined the
Proportion Integration Differentiation (PID) control action
with feedforward compensation to achieve fast and accurate
tracking control performance.

Bugurlu et al. [24] designed a force feedback controller
with stability based on the dissipative principle and derived
a set of PAM input force criteria corresponding to the
expected joint torque and stiffness, which realized the inde-
pendent control of joint torque-stiffness and joint dislocation-
stiffness. Zhang et al. [25] used a sliding mode controller and
an equivalent spring PAM model to realize the independent
control of different waveforms of torque and the stiffness of
antagonistic joints.

Yu and Jian [26] designed a tracking controller for the
lower extremity exoskeleton using nonlinear model predic-
tive control (NMPC) and extended the echo state network.
Xiong et al. [27]–[29] studied a bionic hexapod robot. They
used a multi-layer neural network and an antagonistic joint
model structure to realize variable stiffness and efficient
walking of the robot to adapt to different ground surfaces
and analyzed system energy consumption, which promoted
the development of artificial muscle for practical application.
Jacob et al. [30] used Artificial Muscle Intelligence with
Deep Learning (AMIDL) systems to translate user intent cap-
tured by electroencephalogram (EEG) sensors into artificial
muscle movements to help paralyzed patients express their
thoughts and feelings.

The development of science and technology and the expan-
sion of application fields [31]–[35] have resulted in higher
requirements for the leg flexibility and support force control
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of foot robots. A connected structure has not only the char-
acteristics of nonlinearity and coupling, like the PAMmodel,
but also oscillation of the special features, which means the
system control accuracy is associatedwith the expected signal
characteristics and time delay. Therefore, an adaptive neural
network PID control algorithm is proposed in this paper. The
expected signal and the vibration state are introduced as sys-
tem input so that the pressure tracking effect is in good agree-
ment. The idea presented in [24] was used to decouple the
antagonistic bionic joint, and the control algorithm presented
in this paper was used to study the practical application of
the pressure supply structure. Compared with the traditional
air compressor pressure supply mode, the pressure supply
mode and control algorithm proposed in this paper have the
following characteristics:

1. Low weight, small volume, and ease of carrying. Com-
pared with the pneumatic servo valve, the structure
proposed in this paper does not need to be equipped
with other complex structures; the equipment structure
is simple, the volume is small, and it can be better
carried on outdoor equipment.

2. It can make full use of the energy stored in com-
pressed gas and can greatly reduce the comprehensive
energy consumption of the system. In the process of
motion, the energy stored when gas is compressed
pushes the piston to do a round-trip motion, which
reduces the input of external energy in subsequent
motion.

3. The pressure supply curve is continuous. In practical
application, to ensure the stability and low vibration of
the body, the output force of artificial muscle is limited
and continuous, and has no obvious step. The air pres-
sure curve generated by the structure is realized by the
movement of the piston. This ensures the continuity of
the pressure supply curve in principle, and there is no
need to use other methods to limit the jumping of the
pressure curve.

4. The PID controller based on input and feedback can
realize the adaptive adjustment of parameters and
improve the robustness and reliability of the system.
The introduction of piston position and its motion state
can produce good prediction ability for model parame-
ters and controller output.

The rest of this paper is organized as follows. In section
II, the proposed gas supply structure is modeled, its dynamic
characteristics and the influence of each model parameter
on the characteristics are analyzed in detail, and the design
method of the model parameters is given. Section III intro-
duces in detail the design process of the pressure control
method based on this model. Section IV details the simulation
of the pressure control effect of a single structure to verify the
control precision of the model. Based on the bionic antag-
onistic joint structure of the leg robot, the pressure supply
method and control algorithm proposed in this paper were
used to simulate the torque and stiffness control effect to ver-
ify the application prospect of the model. Finally, Section V

summarizes the contents of the paper and the application
prospects of the proposed algorithm in the field.

II. STRUCTURAL DESIGN AND MODELING
In this section, the model structure and the air–force relation-
ship formed inside the structure are analyzed and modeled.
Then, the dynamics model of the piston is deduced by force
analysis of the whole structure. Finally, the influences of each
structural parameter on the inherent characteristics of the
model are simulated and analyzed, and the method to select
the model parameters according to the actual application is
given.

A. CONNECTOR STRUCTURAL DESIGN
The structure consists of a circular tube with a smooth inner
wall and a magnetic piston embedded in it. The tube is fitted
with hoses at both ends to connect the air inlet of the artificial
muscle, creating an enclosed space inside the structure. In the
process of moving in the tube, the piston is driven by pressure
difference owing to the change in gas volume at both ends.
Combined with the gait of the foot robot, the piston can make
full use of the expansion energy of compressed gas.

The electromagnet embedded in the outer wall of the tube
can affect the movement of the piston in the tube by changing
the input current so as to adjust the air pressure supplied by
the artificial muscle. Its structural model is shown in Fig. 1.

Assuming that the displacement of the piston at the middle
position is 0, the motion is positive to one side and negative
to the other side. The gas volumes at both ends of the pipe are
as follows when the piston is located at x:

Vl = Vl0 + sx,

Vr = Vr0 − sx, (1)

where Vl and Vr are the volumes of the round tubes at the
left and right ends of the piston, respectively; Vl0 and Vr0
are the volumes of the containers at the left and right ends,
respectively, when the piston is at zero, and Vl0 ≈ Vr0; S is
the area of the piston; and xis the displacement of the piston.
According to the ideal gas state equation,

pV = nrTemp, (2)

where p is the gas pressure in Pa; V is the gas volume in m3;
n is the number of moles of a gas, in mol; T is the system
temperature, in K; and r is the gas constant (proportionality
constant), in J/(mol·K). For a mixture of gases, such as air,
the pressure, p, is a linear combination of the partial pressures
of the components. Therefore, (2) can be written as follows:

pVair = nairrTemp. (3)

Combining (1) and (3),

pl =
nairlrTemp
Vl0 + sx

=
kl(Temp)
Vl0 + sx

,

pr =
nairrrTemp
Vr0 − sx

=
kr (Temp)
Vr0 − sx

. (4)
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FIGURE 1. Gas connectivity structure diagram.

In (4), Kl (T ) = nairlrT , where nairl is the quantity of
air at the left end of the container, which is a constant that
does not change with displacement when the container is
encapsulated. The same is true at the right end. Additionally,
pl and pr represent the gas pressure at the left and right ends of
the piston, respectively, and are functions of displacement,x,
external temperature, T , and muscle expansion. In the same
scene, the working environment temperature of muscle usu-
ally does not change dramatically, so it can be regarded as a
constant in simulation. Here, the expansion of muscle refers
to a slight change in the volume of gas in the central circular
tube caused by the change in the shape of the artificial muscle
caused by the expansion of muscle. As its influence on the
change in the volume of gas in the central circular tube is
small, it can be ignored.

Equation (5) gives the relationship between the pressure
and the pressure of the mixed gas:

F = ps. (5)

Substituting the above equation into (4), we get

fl =
kl(Temp)
Vl0 + sx

s,

fr =
kr (Temp)
Vr0 − sx

s, (6)

where fl and fr are the forces exerted on the piston by the air
pressure at the left and right ends of the piston, respectively.
The resultant force is the gas pressure applied to the piston at
displacement x.

f = fr − fl . (7)

B. STRESS ANALYSIS
In the horizontal direction of the model, the piston is acted on
by four forces: pressures, fl and fr ; dynamic friction,ff ; and
magnetic attraction, fG, from both sides of the gas. The force
analysis of the piston is shown in Fig. 2.

f − ff − fG = ma
ẍ = a
xt=0 = x0
ẋt=0 = 0

(8)

FIGURE 2. Force analysis of the piston.

Rearranging (8) gives us

x=x0+
1
m

∫ t

0

∫ t

0
(
kr (Temp)
Vr0−sx

s−
kl(Temp)
Vl0+sx

s−ff −fG)dtdt.

(9)

In the formula, ff is the dynamic friction force, which is
related to the material and manufacturing process. In appli-
cation, by properly reducing the contact force between the
piston and the pipe wall and the shape of the piston, such as
the similar bullet-shaped structure at both ends, lengthening
the transverse dimension of the piston, and filling the gap
of the contact surface with liquid lubricant, the friction and air
leakage of the system could be reduced to a range with less
impact on the system. Dynamic friction, ff , is the constant
in this experiment; x0 is the initial position of the piston,
the velocity is zero at this point; and m is the mass of the
piston. According to [36]–[38], the electromagnetic attraction
of a DC solenoid can be expressed as follows:

fG =
N 2U2µ0S

2R2K 2
f (xd − x)

2
, (10)

where N is the number of coil turns; U is the input voltage at
both ends of the electromagnet; µ0 is the vacuum permeabil-
ity, and its value is 0.04π(Wb/(A ·m); S is the cross-sectional
area of the magnetic circuit; R is the winding resistance;
Kf is the magnetic flux leakage coefficient, which is affected
by magnetic circuit composition and material; and xd is the
installation position of the electromagnet.
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Let the fixed parameter in the model be Kc =
N 2µ0S
2R2K2

f
.

Equation (10) can be simplified as follows:

fG = Kc
U2

(xd − x)2
. (11)

C. ANALYSIS OF INHERENT CHARACTERISTICS
The mass of the piston is limited to 200 g, the length of the
connected structure is 15 cm, and the cross-sectional area is
0.16π cm2. The force change and movement trajectory of
the piston in the connected structure when the initial state of
the piston is given as x0 = 10 cm and v0 = 0 are shown
in Fig. 2. The initial gas pressure, p, is 104Pa. Different initial
pressure designs affect the range of the output pressure of
the structure, which is determined by the expected output
force of the muscles in practical application and the selected
parameters of the PAM model.

The force changes and movement trajectories of the piston
in the connected structure are shown in Fig. 3.

FIGURE 3. Connected structure characteristics at zero input.

At the initial time, the piston is at the right end of the center
point. At this time, the total volume of gas at the right end of
the piston is small, and the pressure change caused by each
movement displacement, 1x, is great. As the piston moves
to the left of the center point, the total volume of gas at the
right side of the piston increases, thereby reducing the rate
of change in pressure at the right side. Under the action of
friction, the gas thrust, fr , at the right end of the piston shows
a U-shaped attenuation trend, and the thrust, fl , at the left end
is the same, as shown in Fig. 3(a).

At the initial time, the initial position,x, of the piston is
adjusted by the pre-input of the external magnet x0 6= 0.

At this time, the gas pressure at the right end of the piston
is greater than that at the left end, and the sum of the left
end thrust, fl , and the friction force received by the piston in
the connected structure is less than the right end thrust, fr .
The piston makes a quasi-sinusoidal oscillation motion with
amplitude attenuation in the connected structure, as shown
in Fig. 3(b). Under zero input, the motion of the structure is
caused by the compressed gas energy storage in the non-zero
initial state. The number of piston motion cycles is related to
the friction force of the system and the initial potential energy
of the piston.

The main model parameters that affect the period of
internal pressure change are piston mass, tube length,
cross-sectional area, and the initial position of piston.

The control variable method was used to simulate the
influence of the shock characteristics under the main model
parameters. The simulation parameters in each figure are
listed in Table 1, and the corresponding simulation results are
shown in Fig. 4(a)–(d).

TABLE 1. Simulation parameter table.

In Fig. 4(a), the influence of piston mass on the structural
inherent pressure change is analyzed. The piston mass is
taken as 100 g, 200 g, and 500 g, and other model parameters
are shown in Table 1. The lower the piston mass, the smaller
the oscillation cycle. This is because a smaller piston mass
produces a larger acceleration, which speeds up the oscilla-
tion of the piston, and at the same time, under the same force
of friction, the fast oscillation speed also increases the power
done by friction and makes the system reach a stable point
more quickly.

Under different connected structure pipe lengths but other
model parameters fixed, as shown in Table 1, the characteris-
tics of pressure change, as shown in Fig. 4(b).When the initial
position stays the same, the increase in pipe length reduces the
gas pressure on both ends around the initial position of the
piston. The combined force applied to the piston is reduced,
thereby reducing the acceleration and velocity of the piston
motion and increasing the natural oscillation period of the
piston. A shorter pipe length accelerates the friction power
and gives the piston more potential energy at the initial time,
which makes the frequency faster and the movement time
longer.
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FIGURE 4. Influence of model parameters on the natural oscillation
characteristics of the piston.

Under different initial positions of the piston but other
model parameters fixed, as shown in Table 1, the character-
istics of pressure also change, as shown in Fig. 4(c). The
piston has greater potential energy under the larger initial

position. The piston’s impact on the oscillation characteristics
is similar in principle to that of shortening the length of the
round tube at the same position.

Finally, the influence of pipe cross-sectional area on pres-
sure was analyzed with the fixed model parameters, as shown
in Table 1. The simulation results are shown in Fig. 4(d).
As the pipe cross-sectional area increases, owing to the con-
dition of invariable length, the total volume of the structure
increases, which reduces the proportion of the gas volume
to the artificial muscle volume, so the initial pressure in the
pipe increases slightly. Therefore, it can be seen that in the
model, the volume of gas in the artificial muscle and the gas in
the connecting hose in the total gas volume of the connected
structure have a partial influence on the piston oscillation
characteristics, and the influence is related to the proportion
of gas. At the same time, the increased cross-sectional area
of the pipe increases the pressure on the piston under the
same pressure, which accelerates the oscillation frequency
and increases the initial potential energy of the piston.

In summary, the oscillation frequency of the piston is
negatively correlated with the piston mass and the length of
the pipe, and positively correlated with the initial position
of the piston and the cross-sectional area (radius) of the
pipe. The stabilization time is related to the initial potential
energy and thework consumption rate. The larger pistonmass
reduces the initial acceleration of the piston, the oscillation
velocity of the air pressure is smaller, and the friction power
is smaller. At the same time, the larger mass also increases the
initial potential energy of the piston, and the stability time is
longer. The influences of the length of the pipe, the initial
position of the piston, and the cross-sectional area (radius)
of the pipe on the oscillation period are mainly realized by
changing the force in the piston motion, and the increase in
force can not only accelerate the oscillation frequency but
also increase the stability time.

To further analyze the coupling relationship between the
natural period and the model parameters, the initial position
was fixed, and the relationship between the structural radius,
the length of the pipe, and the piston mass under different
natural periods, T, wasmapped, as shown in Fig. 5. Themodel
parameters were limited to m ∈ [10, 50] g, l ∈ [12, 112]cm,
and r ∈ [0.2, 5.2]g.

The point on the bottom plane in the figure is not con-
sidered because the radius of the circular tube r ≤ 0.2 cm
is beyond the limited range. The surface in the figure is
the set composed of different model parameters under the
same oscillation period. Under the given expected period,
the appropriate model parameters can be selected in the cor-
responding period set according to the requirements of pipe
length, piston mass, pipe diameter, and other parameters in
practical application.

Assuming that the expected natural period T = 1 s is set,
the coupling relationship between piston mass, tube length,
and tube radius is shown in Fig. 5(b). According to the size
of the robot, the suitable length of the tube l = 15 cm is
selected. To reduce the impact of friction on the acceleration
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FIGURE 5. Periods and model parameter diagrams when x0 = 0.8l .

of the piston, the mass of the piston should be increased
appropriately. However, in practical application, the length
of the piston should not be too long. In combination with the
coupling relationship between piston mass and radius in the
figure, the piston mass m = 300 g and the radius of the pipe
r = 0.16π cm2 are selected here.

III. NEURAL NETWORK PID CONTROL ALGORITHM
The structure proposed in this paper has the following main
characteristics:

A. STABILITY CHARACTERISTICS OF THE SYSTEM
First, from the structural model, when the piston is close to a
certain point (such as the right end point), the gas pressure on
the right side of the piston increases rapidly, which prevents
the piston from moving to the right. Second, the piston is
affected by friction in the process of motion, and the ampli-
tude of the piston decreases continuously in the process of
motion.

The model motion equations (6) and (9) also show
this characteristic; when it is close to the right end point
(Vr0−sx)→ 0, that is, the gas volume at the right end of
piston is close to 0, the piston is greatly pushed to the left
by air pressure fl → ∞. Therefore, the initial parameters of
the controller do not affect the stability of the system.

B. THE MAIN FACTORS OF THE MODEL ARE LESS
From (9), it can be seen that, assuming that the operat-
ing environment temperature of the system does not change
dramatically, the parameters affecting the system model are
a controlled quantity, and there are no other time-varying
factors.

Input and feedback based on a neural network PID con-
troller has certain adaptability to time-varying systems and
greatly reduces the demand of the accuracy of the model.
However, the traditional error-based PID controller only con-
siders the relative error between input and output and its trend.
It cannot fully reflect the influence of the inherent oscillation
characteristics in the structure proposed in this paper on the
output of the controller.

According to the difference between the natural pressure
oscillation trend and the expected pressuremovement trend of
the connected structure at the control time, the control states
can be divided into three categories, as shown in Table 2.

TABLE 2. Control state classification table.

In Table 2, sp is the expected pressure value, pv is the
inherent pressure change trend of the system at the set time,
c+ means that the output value of the controller demand
should increase compared with the traditional PID control, c
means that it should increase to a lesser degree, and c− means
that it should be reduced appropriately. When the motion
states of sp and pv are opposite of c+, to enable the output
air pressure of the connecting structure to better track the
expected value, in addition to the thrust generated by the
gas in the pipe received by the piston, the inertial force in
the original movement direction of the piston needs to be
overcome. Compared with the result calculated by the pure
relative error, the controller needs a larger output force.When
the two motion states are in the same state as c−, the piston
motion direction is consistent with the expected direction,
and the controller output only needs to change the speed of
the piston motion, which requires less output force compared
with the other two states.

It can be seen that in this article, in addition to the position
deviation, the factors that affect the output of the controller
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FIGURE 6. Neural network PID control block diagram.

include the initial state of the desired curve and the respective
movement trends of sp and pv. However, the PID controller
based on the deviation design alone cannot reflect the influ-
ence of the respective movement states. According to the
specific characteristics of this structure, three parameters are
introduced to the PID controller on the basis of the previ-
ous object control: the output control object, the first order
differential of the output control object, and the first order
differential of the expected signal. The overall control block
diagram is shown in Fig. 6.

The output increment of the controller is 1u(n) = KXT ,
where K is the parameter matrix to be optimized, and X is
the input matrix of neural network, so

K = [k1, k2, k3, k4, k5, k6]

X =



e(n)
e(n)− e(n− 1)
e(n)− 2e(n− 1)+ e(n− 2)
y(n)
y(n)− y(n− 1)
u(n)− u(n− 1)



T

.
(12)

Then, the output of the controller is as follows:

u(n) = u(n− 1)+1u(n). (13)

Set the total control object model as y = ψ(u); then,

y(n) = ψ(u(n)). (14)

The objective function of training is as follows:

J =
1
2
(r(n)− y(n))2. (15)

Use the gradient descent method to optimize parameter K :1ki = ηe(n)
∂ψ(u(n))
∂u(n)

xi

k(n+ 1) = k(n)+1ki.
(16)

In this paper, as the control object is not easy to find,
∂ψ(u(n))
∂u(n) is replaced with ψ(u(n))−ψ(u(n−1))

u(n)−u(n−1) . The error can be
reduced by adjusting the η value.

The core goal of the controller is to provide the voltage
supply structure with any waveform and continuous voltage
supply curves in a certain amplitude range. The improved
control method has the following characteristics:

1. The controller reduces the requirement of system accu-
racy based on input and feedback.

2. The best linear combination is found from the com-
plex PID three-parameter combinations by using the
adaptive property of neural network, and the automatic
real-time adjustment of parameters can be realized,
which can effectively improve the robustness and reli-
ability of the system.

3. The introduction of piston position and its motion state
can produce good prediction ability for model parame-
ters and controller output.

IV. SIMULATION AND EXPERIMENT
A. NETWORK TRAINING
It can be seen from III that the controller has six inputs and six
outputs. The goal of training is to initially find the relationship
between different combinations of input states and outputs.
The basic training process is as follows:

1. Determine the initial parameters of the controller.
First, after the model parameters are selected, the pressure

difference between the left and right ends of the piston is esti-
mated according to the expected maximum supply pressure
|fr − fl |, and its maximum |fr − fl |max appears at the end of
the design motion interval.

At t0, u(n − 1) = 0, let 1u(n) = |fr − fl |max, so that the
output has only the gain term k1, then k1 =

1u(n)
x0

, and we
initialize k3 = k2 = 0.1 k1,, k4 = k5 = k6 = 0.
In the simulation model designed in this paper,

the expected maximum air pressure is 105pa. Then, there is
|fr − fl |max ≈ 4N , k1 ≈ 50.

2. The training set samples are generated and trained.
The input state of the controller is determined by the

expected input curve state of the system u(n), ü(n), and u̇(n),
and the feedback state of the system y(n), ÿ(n), and ẏ(n).
In the continuous input state, the feedback state of the

system is a follow-up, so in the training process, we only need
to change the state of the input curve at random time, and we
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can generate the required samples with a large amount of data.
Considering that the regulation process needs a certain time,
the change frequency of input curve should not be too fast.

In this paper, changing the frequency, amplitude, and phase
of the sine wave from time to time is used as the data input.
The average change period of waveform is about 1 s. Com-
bined with the feedback state of the system, the training data
set is formed.

3. After a long period of data training, the training results
are set as the initial parameters of the controller.

B. TRACKING RESULTS IN DIFFERENT STATES
To reduce impact to the body and the resulting energy loss,
robots usually require muscles to control the continuous
change of air pressure, which not only protects body parts
from damage but also facilitates the smooth adjustment of the
fuselage. On this basis, we carried out simulation experiments
on the expected air pressure of different frequencies, phases,
and waveforms. The simulation model parameters are shown
in Table 3, and the simulation results are shown in Figs. 7–9.
Figs. 7–9 show the control results of the neural network PID
algorithm on the connected structure in the control process.

TABLE 3. Model structure parameter table.

In the zero state, the initial state of the expected pressure
is set to ϕ0 = −0.5π , ω0 = 1. When t = 2.5π , the expected
frequency is changed twice as much as the original and is
shown as Reference in Fig. 7(a). Under the control strategy
proposed in this paper, the control results are shown as Actual
in Fig. 7(a). The control error is shown in Fig. 7(b). In the
initial stage, owing to the deviation between the expected
pressure curve and the natural pressure oscillation curve,
a large control error is generated. After the controller adjust-
ment tends to be stable, and when the expected frequency
is changed, because the position and velocity are continuous
before or after the expected pressure change, the controller
consumes less energy compared with the initial stage of
control. The closer the expected frequency to the natural
frequency of the structure, the smaller the controller output.
In particular, when the expected frequency is consistent with
the natural frequency, the controller output is only used to
compensate for system energy consumption after reaching the
expected frequency.

FIGURE 7. Control characteristics of different frequencies.

In Fig. 8, the initial phase ϕ0 = 0 is changed. Compared
with Fig. 7(b), in Fig. 8(b), the air pressure control curve
has a large deviation in the initial stage of control; com-
pared with Fig. 7(c), in Fig. 8(c), the controller output has
also increased significantly at this time. This is because the
initial state of Fig. 7 is consistent with the initial state of
the device’s inherent oscillation characteristics, which makes
the switching between the two relatively smooth. Therefore,
selecting an appropriate adjustment time node for adjustment
can greatly reduce energy consumption and make adjustment
more stable. After stabilization, the phase difference has no
obvious effect on the energy consumption of the controller.

Next, we simulated the triangular wave expectation curve
and changed the frequency at t = 8, as shown in Fig. 9. Based
on the output of the controller, except at the initial stage of
control and the time when the expected frequency changes,
the expected curve of triangular wave needs a large output to
change its motion characteristics in every half cycle.

In the stationary stage, besides compensating for system
energy consumption, the controller still needs to provide a
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FIGURE 8. Control characteristics with different phases.

small amount of energy to change the original sinusoidal
characteristics. From the overall control results, the expected
curve of the sinusoidal characteristics is better than that of the
other curves, which is related to the inherent characteristics
of the structure.

It can be seen from the figure above that the deviation of the
air pressure control curve at the initial control stage is greater
than that at other times. There is a large deviation between the
initial expected air pressure curve and the natural air pressure
oscillation curve. However, the adjustment of the controller
parameters needs a process. At t = 7.854s, the expected
curve frequency changes again, and the control error only has
a small fluctuation. The controller parameters have a good
adjustment process for this model. In addition, in the stable
time, the small fluctuation of simulation error is caused by
the change of motion direction and friction.

It can be seen from the output curves of each controller that
the output of the controller is large at the early stage of con-
trol because of the difference between the natural oscillation
frequency of the connected structure and the expected oscil-
lation frequency. After a short adjustment, the system motion
characteristics reach the expected value, and the controller

FIGURE 9. Input control characteristics of triangular wave.

output only needs to maintain the system energy loss. In the
simulation model, the main source of loss is the friction
work between the piston and the pipe. In an actual movement
process, the energy stored after the gas compression in this
structure will be used to push the piston to move back and
forth so as to reduce the external energy input required in the
subsequent movement. Therefore, the energy stored in com-
pressed gas can be fully utilized to reduce the comprehensive
energy consumption of the system.

C. INDEPENDENT CONTROL RESULTS OF STIFFNESS AND
FORCE
Combined with the antagonistic bionic joint model [25],
we adopted the experiment of a two-DOF quadruped robot,
and the leg structure of the robot is shown in Fig. 10. The
joint close to the body can swing back or forth and control
the running direction and speed of the robot. As this joint
is unrelated to the body shock absorption, there is no need
to control its stiffness [27]. The traditional steering gear
control mode was adopted for this joint. The second degree of
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FIGURE 10. Leg structure of the robot.

freedom controls the lifting and falling of the leg, which
mainly affects the posture and vibration of the body. Con-
trolling the stiffness and force of the robot can effectively
improve the motion stability of the robot. The joint is driven
by artificial muscle bionics and the air pressure supply struc-
ture proposed in this paper.

In this paper, a new artificial muscle is proposed to sep-
arately control the stiffness and force of legs. Combined
with the movement cycle, the vibration characteristics of
the air pressure are rationally used to control the input air
pressure of the artificial muscles in order to reduce the energy
loss of the robot. The overall connection mode is shown
in Fig. 11. Because the gaits of the diagonal legs of the
multi-legged robot are mostly the same, the gas connection
structure between the muscles was adopted by the diagonal
misjoint method. That is, the upper artificial muscle of leg 1 is
connected to the lower artificial muscle of leg 3, and the lower
artificial muscle of leg 1 is connected to the upper artificial
muscle of leg 3. According to the symmetry principle of joint
and connected structure, the movement modes of legs 1 and 3
are consistent, and the movement modes of legs 2 and 4 are
consistent, which is in line with the movement characteristics
of quadruped robots in a diagonal trot.

In practical application, the rotation range of a leg joint,
angle θ , is between 0◦ and 90◦. In this paper, the model of
antagonistic joint driving muscle is selected as DMSP-40-
120N-RM-CM, and the bionic joint radius is R = 1 cm.
According to the three-element modeling method proposed
by Zhang et al. [13], a PAM bionic joint model can be
simplified as

F1 = [K11(P1)+ K12(P1)(−xm)](xm0 − xm)

F2 = [K21(P2)+ K22(P2)(xm)](xm0 + xm) (17)

K = [K11(P1)+ K12(P1)(−xm)]

+ [K21(P2)+ K22(P2)(xm)]. (18)

In the above formulas, F,K are the preset force and stiff-
ness, respectively; xm0 is the initial length of the artificial
muscle in the equilibrium state; xm is the contraction amount
of the artificial muscle; P1 and P2 are the air supply pres-
sures of the upper and lower artificial muscles, respectively;
K11(P1),K12 (P1),K21(P2), andK22(P2) are polynomial coef-
ficients that change with pressure; and F1 and F2 are forces

FIGURE 11. Overall connection diagram of robot.

FIGURE 12. Overall control block diagram.

that antagonize the tension of the two artificial muscles in the
upper and lower joints.

Antagonistic joints lead to a coupling relationship among
the force, stiffness, and displacement of the leg, and inde-
pendent control can only be achieved between any two of
the three parameters [24]. In practical application, to ensure
the stability and sustainable work of the body, the three
parameters should meet the following requirements:

1) The force, stiffness, and displacement curves should be
continuous.

2) The displacement should return to the origin after
the completion of a change period, and the maxi-
mum change of displacement should not exceed Rθmax ,
where R is the radius of the joint, and θmax is the
maximum rotatable angle of the joint.

On this basis, we first set the joint angular displacement
and stiffness and used the coupling relationship to solve the
corresponding size of the supporting force. According to
the decoupling method proposed in [24], the tensile force
required by the upper and lower artificial muscles to achieve
the target stiffness and force is reversed:

F1 = (K −
F + K (xm0 − xm)

2xm0
)(xm0 − xm)

F2 =
F + K (xm0 − xm)

2xm0
(xm0 + xm).

(19)

The core purpose of inner loop control is to ensure that
accurate and stable air pressure is supplied to artificial mus-
cles. In this paper, the muscle drive adopts the proposed air
supply structure, and a neural network PID control algorithm
is designed to control the input air pressure of the upper
and lower muscles and to realize the stable tracking of the
expected output force. Finally, through the PAM bionic joint
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FIGURE 13. Variation curves of stiffness and force of antagonistic joints
under zero input.

FIGURE 14. Tracking results of different stiffness and force frequency.

model, the independent control effect of the expected force
and stiffness is realized. The overall control block diagram is
shown in Fig. 12.

The change curves of the stiffness and force of the antag-
onistic joint under zero input are shown in Fig. 13, and the
tracking effects under various expected curves of stiffness and
force are shown in Figs. 14–16.

Under the state of zero input and given a certain initial state,
the supporting force of the bionic joint shows a sinusoidal

FIGURE 15. Tracking results of different stiffness and force phase.

motion of attenuation under the antagonistic action of two
pneumatic muscles owing to the existence of the air pressure
oscillation characteristic in the structure. By comparing the
stiffness and supporting force curves, it is not difficult to see
that when the joint compressive force increases, the antago-
nistic strength of the joint decreases, and the joint stiffness
value decreases; otherwise, it is negative.

Figs. 14–16 show that the stiffness and force fluctuate
greatly in the initial stage of control, which is related to the
tracking error of the expected pressure curve in the initial
stage of control. After a short adjustment, the error is limited
in a small range. The air pressure control error at the initial
stage of control has a small impact on the expected stiffness
and force control. After the controller is stable, the control
model can track the expected stiffness and force curves of
different waveforms, frequencies, and phases. When the load
of the robot increases, for this paper, it will affect the shape of
the artificial muscle. However, the amount of gas in the struc-
ture is much larger than the variation; that is, v0 + sx � 1v.
Therefore, the change in the load and external interference
force within the allowable range will not have a negligible
impact on the performance of the design. Therefore, this
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FIGURE 16. Triangle wave input tracking effect.

model can replace the traditional gas supply mode in most
cases.

V. CONCLUSION
In this work, a new connected artificial muscle pressure con-
trol structure is presented, a neural network PID control algo-
rithm is proposed according to the new air supply structure,
and the expected curves of different frequencies, phases, and
waveformswere tested. The experimental results indicate that

1) The connected artificial muscle pressure control struc-
ture proposed in this paper can effectively utilize the
expansion energy of compressed gas and greatly reduce
the energy consumption of the gas supply.

2) Under the neural network PID control algorithm,
the gas supply structure can produce any pressure
change curve to meet the demand, which verifies that
the gas supply structure can effectively replace the
traditional gas supply mode in practical application and
has universality.

3) Selecting appropriate regulation nodes can effectively
reduce system energy consumption and make regula-
tion more stable. In the case of low demand, the system
performance can bemaximized by fully considering the
inherent oscillation characteristics of the system.

The air supply structure proposed in this paper has the
characteristics of light weight, low energy consumption and
portable belt. Experiments show that the air supply structure
can realize the independent control of joint torque and stiff-
ness, and can replace the traditional air supply mode in most
occasions. It has a wide application prospect in the applica-
tion field of outdoor foot robot. In the existing antagonistic
joint model, it is difficult to achieve the mutual independence
of the supporting force, stiffness, and displacement of the
joint leg by pulling the upper and lower artificial muscles
(i.e., it is impossible to achieve the mutual independence of
three outputs through two inputs). New breakthroughs in joint
models are needed to make robots more flexible.
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