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Fuzzy Torque Control of the Bionic Flexible 
Manipulator Actuated by Pneumatic Muscle 
Actuators
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Abstract 

A bionic flexible manipulator driven by pneumatic muscle actuator (PMA) can better reflect the flexibility of the 
mechanism. Current research on PMA mainly focuses on the modeling and control strategy of the pneumatic manip-
ulator system. Compared with traditional electro-hydraulic actuators, the structure of PMA is simple but possesses 
strong nonlinearity and flexibility, which leads to the difficulty in improving the control accuracy. In this paper, the 
configuration design of a bionic flexible manipulator is performed by human physiological map, the kinematic model 
of the mechanism is established, and the dynamics is analyzed by Lagrange method. A fuzzy torque control algo-
rithm is designed based on the computed torque method, where the fuzzy control theory is applied. The hardware 
experimental system is established. Through the co-simulation contrast test on MATLAB and ADAMS, it is found that 
the fuzzy torque control algorithm has better tracking performance and higher tracking accuracy than the computed 
torque method, and is applied to the entity control test. The experimental results show that the fuzzy torque algo-
rithm can better control the trajectory tracking movement of the bionic flexible manipulator. This research proposes a 
fuzzy torque control algorithm which can compensate the error more effectively, and possesses the preferred trajec-
tory tracking performance.
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1 Introduction
The pneumatic muscle actuator (PMA) is a new pneu-
matic element with characteristics similar to biologi-
cal muscles. In addition to the low cost, cleanliness, and 
other advantages of pneumatic transmission technology, 
it also possesses the characteristics of simple structure, 
high power/weight ratio, good flexibility, and so on. PMA 
is one of the typical representatives of new pneumatic 
components since the development of pneumatic tech-
nology. Because of its extremely similar function with 
human muscle, PMA has been applied to robotic arms 
[1], robotic lower limbs [2, 3] and robotic claws [4, 5]. It 
is expected to have great potential applications in physi-
otherapy [6], vehicles [7], robots [8, 9] and other fields. 
PMA has become the new research hotspot in robotics.

The characteristics and models of PMA are the basis 
of control applications. Although the structure is very 
simple, it is very difficult to model accurately owing to 
the influence of nonelastic deformation and friction; the 
model of PMA is a typical a nonlinear model. In a previ-
ous study [10], we established the PMA mechanics model 
through neural network and achieved good results.

Because of the nonlinearity and flexibility of PMA, and 
the compressibility of the air, the control strategy is a hot 
topic in pneumatic muscle research. Since research on 
related manipulators driven by fluid transmission actua-
tors have yielded good results [11–13], different control 
methods have been proposed to improve the control 
effect of the pneumatic manipulator system. Carbonell 
et  al. [14] designed a fuzzy backstepping controller by 
considering the nonlinearity characteristics of PMAs, in 
which the system controlled has global convergence and 
certain robustness. Zhu et al. [15] proposed an adaptive 
robust attitude controller to solve the uncertainty and 
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nonlinearity in the dynamics of a parallel robot driven by 
PMAs to achieve accurate attitude tracking and reduce 
control input jitter. Shen et al. [16] designed a hybrid slid-
ing mode controller with an adaptive fuzzy cerebellar 
model articulation controller for the online approxima-
tion of a spring mass position control system driven by 
PMA. Lin et al. [17] simplified PMA into a three-element 
model. Considering that the H∞ robust controller has 
superior ability to handle system uncertainty, an H∞ 
robust controller was designed to ensure the stability and 
superior performance of the PMA system. Ba et al. [18] 
proposed an advanced position tracking control method 
for the control of PMA system. The neural network and 
sliding mode control algorithm were integrated into the 
new robust controller to guarantee the fast response, high 
accuracy, and robustness of the system. Wang et al. [19] 
established a cascade human elbow joint model driven by 
PMAs, and designed a fuzzy PI controller for position-
tracking experiments to improve the control accuracy 
and verify the effectiveness of the fuzzy controller. Zhao 
et  al. [20] proposed a self-adaptive disturbance rejec-
tion control strategy to improve the control effects of the 
single-joint manipulator driven by PMAs, and effectively 
solve nonlinear problems of the manipulator control sys-
tem. Although these control theories improve the control 
effect of the pneumatic system to some extent, there are 
still many limitations such as model dependence, poor 
anti-interference ability, poor control precision, nonlin-
earity and uncertainty of the system, and so on.

More and more attention is being paid to the study of 
PMAs in the humanoid arm [21]. Hence, a humanoid 
arm mechanism driven by a PMA group based on the 
superior characteristics of PMA is proposed, and further 
research on the control strategy is carried out. Firstly, 
according to the analysis of the physiological characteris-
tics of the human upper arm, the configuration design of 
the bionic flexible manipulator of serial parallel mecha-
nism is realized, and the kinematic and dynamic model 
of the mechanism is established. The fuzzy torque con-
troller is designed based on the fuzzy controller [22], and 
the application of computed torque method to test the 

trajectory tracking of the flexible manipulator is realized 
as well.

2  Characteristic Analysis of Bionic Flexible 
Manipulator

2.1  Configuration Analysis
The joint robot, which has the advantages of simple 
structure, small occupied space, large relative work-
ing space, etc., is one of the most widely used robots 
[23, 24]. Generally speaking, the arrangement of joints 
actuated by a humanoid arm can be divided into two 
categories: PMA serial mechanism and PMA parallel 
mechanism. For example, the study of the 7-DOF manip-
ulator actuated by PMA was implemented [25] from the 
perspective of functional bionics, and the PMA actuated 
antagonistic bionic joint was designed [26]; a 3-DOF 
parallel robot platform based on PMA was proposed 
[27], and a 10-DOF robot arm driven by PMA group 
was designed [1]. The humanoid shoulder joint is usually 
designed as a series of rotating joints in order to realize 
the bionic structure. However, the analysis of this design 
is not based on the basic structure of the joint. The move-
ment of the human shoulder can be divided into two 
parts: (a) the movement of the upper body and scapula; 
and (b) the movement of the humerus and scapula.

The skeleton of the human shoulder joint consists 
mainly of the shoulder blade, clavicle, and humerus. The 
shoulder blade has six kinds of motion including lift, 
inhibition, internal rotation, external rotation, abduc-
tion, and adduction. Relative to the shoulder blade, the 
humerus has six kinds of motion including flexion, exten-
sion, internal rotation, external rotation, abduction, and 
adduction [28].

From Table  1, the number of muscles that drive the 
motions of the shoulder blade and humerus is larger and 
the position structures of these muscles are more com-
plex. Thus, muscles that have a greater impact on shoulder 
joint motion are only simulated by PMAs in the structural 
design. As shown in Figure 1, the trapezius, levator scapu-
lae, serratus anterior, and latissimus dorsi are muscles that 
have a greater impact on shoulder blade motion; and four 

Table 1 Motions of shoulder joint

Scapular joint Glenohumeral joint

Lift Trapezius, Levator scapulae, Rhomboideus Flexion Deltoid, Pectoralis major, Coracobrachialis

Inhibition Trapezius, Serratus anterior, Latissimus dorsi Extension Deltoid, Latissimus dorsi, Teres major

Internal rotation Trapezius, Serratus anterior Internal rotation Subscapularis, Deltoid

External rotation Levator scapulae, Rhomboideus, Pectoralis minor, Latis-
simus dorsi

External rotation Infraspinatus, Teres minor, Deltoid

Abduction Serratus anterior, Pectoralis minor Abduction Supraspinatus, Deltoid

Adduction Trapezius, Rhomboideus, Latissimus dorsi Adduction Latissimus dorsi, Pectoralis major
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PMAs  (P1-P4) were used for the bionic driving. The del-
toid, teres major, and infraspinatus muscle are muscles 
that have a greater impact on humerus motion, and six 
PMAs  (P5-P10) were used for the bionic driving [29]. 

The connecting part of the human shoulder joint is 
divided into two parts. One is the connection between 
the upper torso and the shoulder blade. There is a scap-
ulothoracic joint between the shoulder and the upper 
torso in the human body. In the design, a ball hinge was 
used for the bionic connection to achieve the shoulder 
blade motion. The other is the connection between the 
humerus and the shoulder blade. The glenohumeral joint, 
which consists of the humeral head and scapula glenoid, 
is a typical and most flexible ball-and-socket joint [30]. It 
connects the humerus and shoulder blade, and was simu-
lated by another ball hinge for the bionic connection in 
the design.

2.2  Kinematics and Dynamics Analysis
The schematic diagram and coordinate system of the 
bionic shoulder joint are set up as shown in Figure  2. 
The coordinate origin O1 of the fixed coordinate system 
O1X1Y1Z1 is located at the ellipse center at the bottom of 
the trunk; O1X1 is along the long axis of the ellipse; and 
O1Y1 is along the short axis of the ellipse. The coordinate 
origin O2 of the relative coordinate system O2X2Y2Z2 
is located at the rotation center of ball hinge I, and the 
other axes are the same as the fixed coordinate system. 
The initial position of the relative coordinate system 
O3X3Y3Z3 is the same as the coordinate system O2X2Y2Z2, 
and the coordinate origin O3 is located at the rotation 
center of ball hinge II. The initial position of the execu-
tion end coordinate system O4X4Y4Z4 is the same as that 
of coordinate system O3X3Y3Z3, and the coordinate origin 
O4 is located at the rotation center of the execution end.

Let the X-Y-Z Euler angle (α1,β1, γ1) be the rotation 
of the shoulder blade relative to the upper torso; 12T  be 
the transformation matrix from O2X2Y2Z2 to O1X1Y1Z1; 
the X-Y-Z Euler angle (α2,β2, γ2) be the rotation of the 
humerus relative to the shoulder blade; 23T  be the trans-
formation matrix from O3X3Y3Z3 to O2X2Y2Z2; 34T  be the 
transformation matrix from O4X4Y4Z4 to O3X3Y3Z3; and 
1
4T  be the transformation matrix from the execution end 
to the fixed coordinate system.

In Figure  2(a), one end of PMA that drives the first 
motion platform is connected to the fixed platform and 
its coordinate in O1X1Y1Z1 is Ai. Another end is con-
nected to the first motion platform and its coordinate in 
O2X2Y2Z2 is Bi. The length of four PMAs is

where 1
2R is the attitude matrix of the first 

motion-platform.

(1)1
4T = 1

2T (α1,β1, γ1)
2
3T (α2,β2, γ2)

3
4T .

(2)Li =
∣

∣

∣

1
2RBi +O2 − Ai

∣

∣

∣
, i = 1− 4,

a Partial muscles of the shoulder joint

b Three-dimensional model of the shoulder joint

Trapezius Levator Scapulae Serratus Anterior

Latissimus Dorsi Deltoid Teres major

Infraspinatus muscle

Fixed platform

Ball hinge

First motion 
platform

Ball hinge

Second motion 
platform

Studdle

PMAs

Figure 1 Structural design of the shoulder joint
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In Figure  2(b), one end of PMA that drives the second 
motion-platform is connected to the first motion-plat-
form, and its coordinate in O2X2Y2Z2 is Bi. Another end is 

connected to the second motion-platform and its coordi-
nate in O3X3Y3Z3 is Ci. The length of six PMAs is

(3)Li =
∣

∣

∣

2
3RC i +O3 − Bi

∣

∣

∣
, i = 5− 10,

Figure 2 Simplified mechanism and coordinate systems of the shoulder joint
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where 3
2R is the attitude matrix of the second 

motion-platform.
The Lagrange method is used to establish the dynamic 

equation of the flexible manipulator. The Lagrange method 
is known as

where KE is the system’s kinetic energy, PE is the sys-
tem’s potential energy, and q is the generalized coordi-
nate vector of the system. The following relationship is 
established:

where τ is the generalized force (torque) vector acting on 
the generalized coordinates. The RPY angle is used as the 
generalized coordinates of the system, which is q = [α β 
γ]T. The following expression is obtained by Eq. (5):

where M(q) is the inertia matrix of the system, V (q, q̇) is 
the Coriolis force and centrifugal force of the system, and 
G(q) is the gravity term.

It should be noted that τ is not the output force of PMA, 
but the generalized torque acting on the generalized coor-
dinates q. The relationship between them is

where J is the Jacobi ratio of the corresponding joint, 
which characterizes the relationship between the aero-
dynamic speed of PMA and the angular velocity of the 
corresponding platform. According to the principle of 
virtual work, Eq. (8) is obtained:

where F is the force vector consisting of the output forces 
of PMAi (i = 1–10).

2.3  Joint Trajectory Planning of Serial Mechanism
The bionic flexible manipulator is a typical 6-DOF series-
parallel mechanism. Its end position space and atti-
tude space are highly coupled. In this section, in order 
to smoothen the strong coupling mechanism trajectory 
tracking, based on the global optimization and parallel 
algorithm of the genetic algorithm, the smooth trajectory 
curves of each joint were obtained under a certain position 
trajectory curve of the end. The bionic flexible manipula-
tor consists of ball hinge I and II, which constitute 6-DOF 
of bionic flexible manipulator; hence, the optimal variables 
are described as follows:

(4)LE = KE − PE,

(5)
d

dt

(

∂LE(q, q̇)

∂q̇

)

−
∂LE(q, q̇)

∂q
= τ ,

(6)M(q)q̈ + V (q, q̇)q̇ + G(q) = τ ,

(7)l̇ = J q̇,

(8)
F = (JT)−1 · τ = (JT)−1 · [M(q)q̈ + V (q, q̇)+ G(q)],

(9)x = {α1,β1, γ1,α2,β2, γ2}.

Since the genetic algorithm is based on the fitness func-
tion of the required problem, the solution of the fitness 
function is very important. Assuming that the actual 
position of the end is {pxd, pyd, pzd} , the ideal position is 
{px, py, pz} . The first objective is to minimize the differ-
ence between the actual position and desired position:

Suppose the estimated rotation angle at a cer-
tain time is xk = {α1k ,β1k , γ1k ,α2k ,β2k , γ2k} , 
when the actual rotation angle is 
xk−1 = {α1(k−1),β1(k−1), γ1(k−1),α2(k−1),β2(k−1), γ2(k−1)}. 
The secondary objective is the minimum value of the sum 
of the difference between the predicted rotation angle of 
hinge I and II at a certain moment relative to the actual 
rotation angle at the previous moment; hence, the joint 
trajectory curve can be relatively smooth.

The primary goal of trajectory tracking is to ensure the 
reliability of the position curve. The secondary objective 
is to ensure the smoothness of the joint curve. By weight-
ing the two objective functions with proper weights, the 
following objective function can be obtained:

Let the ideal circular trajectory of the end be

The size of the population is 100. After 241 generations, 
the trajectory curve of the end and optimal trajectory 
curves of all joints are shown in Figure  3 and Figure  4. 
Although the tracking effect is good, there exists a trajec-
tory jitter of each joint, which is not conducive to control.

To facilitate control, the joint trajectory curve must 
be smooth. Therefore, to improve the smoothness of the 
joint trajectory, MATLAB CFTOOL was used to fit the 
joint trajectory, as shown in Figure  5. Although there 
exists a larger error between the actual and ideal trajec-
tory, the maximum position error of the X-axis, Y-axis, 
and Z-axis direction is only 1.536 mm, 1.816 mm, and 
0.958mm, respectively. Compared with the trajectory cir-
cle with a radius of 50 mm, the error is smaller and the 
precision is satisfied. The curve is smoother, so the fitted 
curves can be used as the trajectory of each joint.

(10)
min f1(x) = |pxd − px| +

∣

∣pyd − py
∣

∣+ |pzd − pz|.

(11)
min f2(x) =

2
∑

i=1

(
∣

∣αik − αi(k−1)

∣

∣+
∣

∣βik − βi(k−1)

∣

∣

+
∣

∣γik − γi(k−1)

∣

∣).

(12)ffit = min(0.9f1(x)+ 0.1f2(x)).

(13)







px = px0 − 15,
py = py0 + 50 cos(wt),
pz = pz0 + 50 sin(wt).
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3  Fuzzy Torque Control of Bionic Flexible 
Manipulator

According to the dynamic model of the bionic flexible 
manipulator, the control scheme of trajectory tracking 
is proposed in this section. In the process of dynamic 
calculation, the robot model inevitably possesses struc-
tural and nonstructural uncertainty factors. Aiming at 
the nonlinearity of the manipulator and uncertainty of its 
model, the fuzzy system and computed torque method 
were combined to design the fuzzy torque controller.

3.1  Computed Torque Control of Flexible Manipulator
In the control algorithm of the manipulator, the com-
puted torque method is relatively effective. The control 

Figure 3 Ideal and actual trajectory curve of the end

Figure 4 Joint trajectory curves

Figure 5 Ideal and fitting trajectory curve of the end
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idea of the computed torque method can be understood 
as introducing nonlinear compensation into the internal 
control loop of the manipulator control system. By such 
compensation, the manipulator can be simplified as a lin-
ear system to some extent. The computed torque method 
can ensure the stability of the trajectory tracking of the 
manipulator, and is able to control each joint separately 
by closed-loop control system.

3.1.1  Computed Torque Controller
According to the computed torque control method, a PD 
controller is designed in the control loop of the manip-
ulator, which is shown in Figure  6. First introduce the 
control:

where H(q, q̇) = V (q, q̇)+ G(q).
According to the kinetic equation:

which is equal to

Since M(q) is an invertible matrix, it can be obtained 
that

Thus, the upper form is equivalent to the linear con-
stant system. In the control system, the position sig-
nal can be obtained by the feedback of the system. The 
desired trajectory is set as qd , on this basis, PD control is 
introduced, which is expressed as follows:

where, q̈d , q̇d , qd represent the angular acceleration, 
angular velocity, and angle of each joint, respectively; and 
Kp and Kd are the PD parameters. By combining Eq. (17) 
and Eq. (18), the closed loop system is obtained:

where ë = q̈d − q̈ , ė = q̇d − q̇ , e = qd − q . According to 
the controller, if the system needs to move in accordance 
with the desired trajectory, let e → 0, ė → 0, ë → 0.

Substituting Eq. (18) into Eq. (14), the control law of 
the robot arm can be obtained:

(14)τ = M(q)u+H(q, q̇),

(15)M(q)q̈ +H(q, q̇) = τ = M(q)u+H(q, q̇),

(16)M(q)q̈ = M(q)u.

(17)q̈ = u.

(18)q̈ = q̈d + Kd

(

q̇d − q̇
)

+ Kp

(

qd − q
)

,

(19)ë + Kdė + Kpe = 0,

3.1.2  Simulation Analysis of Computed Torque
The bionic flexible manipulator is mainly driven by two 
parallel joints: the scapula joint and the glenohumeral 
joint. The expected trajectory of these two joints is 
γ = 10◦ sin

(

π

2 t
)

, β = 10◦ sin
(

π

2 t
)

, α = 0
◦
. The simu-

lation control of the two joints was carried out and the 
control effect of the computed torque method was ana-
lyzed based on MATLAB and ADAMS.

Firstly, the proportional and differential parameters in 
the control loops of the scapula and glenohumeral joint 
are

The simulation chart of position tracking and its error 
can be obtained.

Through the simulation charts of the scapula joint and 
the glenohumeral joint in Figure 7, it was found that the 
computed torque method can realize the expected track-
ing trajectory of two joints. The maximum error of the 
rotation angle of the scapula joint in the XYZ direction 
is (0.686°, 0.531°, 0.602°), and the maximum error of the 
rotation angle of the glenohumeral joint in XYZ direc-
tion is (1.107°, 0.477°, 0.901°). It can be seen that the com-
puted torque method is feasible for the tracking control 
of the manipulator. However, the tracking error and its 
range of variations are still large. The flexible manipulator 
is a nonlinear control system. Once the PD parameters of 
the control loop are determined, the control process can-
not be adaptively adjusted to better control the system. 
Therefore, the computed torque control is improved and 
the fuzzy torque control method is proposed.

3.2  Fuzzy Torque Control of Bionic Flexible Manipulator
The manipulator control system is a typical nonlinear 
complex control system whose uncertain parameters 
change constantly in the process of movement, with 
some unstable disturbances. It is difficult to achieve the 
desired control effect for the conventional control of 
fixed parameters. In view of this, a control strategy is pro-
posed in this section, which adjusts the parameters adap-
tively according to the control state. The fuzzy control is 
combined with the computed torque control to design 
the fuzzy torque controller.

(20)τ = M(q)
(

q̈d + Kd ė + Kpe
)

+H(q, q̇).

(21)

K p1 =





−3750 0 0
0 −3750 0
0 0 −3750



,K d1 =





−35 0 0
0 −35 0
0 0 −35



,

(22)

K p2 =





−3600 0 0
0 −1350 0
0 0 −1350



,K d2 =





−90 0 0
0 −15 0
0 0 −15



.

( )( ) d d pM q q K e K e+ +&& &

( , )H q q&

dq&&

dq&

q&

e&

dq

e

q

Figure 6 Block diagram for computed torque control system
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3.2.1  Design of Fuzzy Torque Control System
The fuzzy controller is designed to have two inputs and 
two outputs. According to error e and error change ė of 
the system real-time feedback, the PD parameters of the 

control loop are adjusted online in real time. The changes 
of Kp and Kd are expressed as

(23)
�Kp = (e, ė)p,

�Kd = (e, ė)d.

Figure 7 Simulation chart of scapula and glenohumeral joint by computed torque method
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Through the upper equation, we can achieve the auto-
matic adjustment of the PD parameters on the basis of e 
and ė in the control process, and realize the adjustment of 
the control parameters:

According to the computed torque control law above, 
the upper equation is substituted, and the fuzzy torque 
control law is obtained:

The PD parameters are adjusted according to the mem-
bership degree table of each fuzzy subset and the fuzzy 
control model of each parameter. The system develops 
improved adaptive ability in different environments. 
The block diagram of the fuzzy torque control system is 
shown in Figure 8.

3.2.2  Design of Fuzzy Controller
Fuzzy control applies linguistics to induce the operator’s 
control strategy. Linguistic variables and fuzzy geometry 
theory are used to form the control algorithms. As shown 
in Figure  9, fuzzy control has a transformation process, 
including the fuzzification of precise quantity and the 
precision of fuzzy quantity, which mainly consist of five 
parts: variable definition, fuzzification, fuzzy inference, 
fuzzy rule, and defuzzification.

1) Variable definition

(24)
Kmp = Kp + (e, ė)p,

Kmd = Kd + (e, ė)d.

(25)τ = M(q)
(

q̈d + Kmdė + Kmpe
)

+H(q, q̇).

 The error e and error change ė of the input variables 
of the controller are defined, and the output variables 
are ∆Kp and ∆Kd.

2) Fuzzification
 The discourse domain of e and ė is set as [−6,6], and 

that of ∆Kp and ∆Kd is [−3,3]. In fuzzy rules, the error 
and error rate are expressed as E and EC, respec-
tively, and the fuzzy subsets of input and output are 
{NB(negtive big), NM(negtive middle), NS(negtive 
small), ZO(Zero), PS(positive big), PM(positive mid-
dle), and PB(positive small)}. The membership func-
tion used in this section is the most common triangle 
membership function, which can cover all the fuzzy 
subsets.

 

3) Rule base and fuzzy inference
 In the control process, the fuzzy control rules are 

established as shown in Table  2 and Table  3. For 
example, when e becomes too big, in order to accel-
erate the response speed and prevent integral over-
flow caused by ė , the larger Kp and smaller Kd are 
selected. Conversely, when e becomes too small, 
in order to ensure a certain response speed and 
reduce the system overshoot, Kp can be appropriately 
reduced and moderate Kp should be selected. We can 
determine the corresponding fuzzy rules according 
to experience to realize the fast response and effec-
tive control of the system.

4) Defuzzification
 The area centroid method is used for defuzzification, 

and the fuzzy output obtained by fuzzy inference 
is transformed into a precise quantity. The inter-
nal control loop of the computed torque method is 
improved and adjusted to realize the accurate control 
of the manipulator.

3.2.3  Simulation Analysis of Fuzzy Torque
The desired trajectory is the same as the upper section, 
the simulation control of the scapula joint and gleno-
humeral joint is implemented, respectively, and the 
control effect of fuzzy torque method is analyzed. The 
initial parameters of the proportional differential in the 
internal control loop of the computed torque method 
are the same as those of the upper section. The fuzzy 
torque control of the scapula joint and glenohumeral 
joint can be obtained, and the simulation chart of posi-
tion tracking and its error is obtained as follows.

µ(x) =







(x − a)/(b− a) , a ≤ x ≤ b,
(x − c)/(b− c), b ≤ x ≤ c,
0, else.

&&

&&

& &

&

&

&

Figure 8 Block diagram for fuzzy torque control system

Figure 9 Block diagram of fuzzy controller
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Observe the simulation charts in Figure  10, we can 
find that the fuzzy torque method can achieve the 
desired trajectory of two joints better than the com-
puted torque method. The maximum error of the 
rotation angle of scapula joint in the XYZ direction is 
(0.109°, 0.260°, 0.481°). The maximum error of the rota-
tion angle of glenohumeral joint in the XYZ direction 
is (0.390°, 0.398°, 0.486°). It can be seen that the fuzzy 
torque method has higher tracking control accuracy 
and the degree of shaking is significantly reduced, 
which is beneficial to the effective control of the physi-
cal mechanism.

4  Test Analysis of Bionic Flexible Manipulator
4.1  Design of Test Platform
The test system of the manipulator consists of a com-
puter, filter, pressure relief valve, proportional valve, 
pneumatic pump, peripheral component interconnect 
digital-to-analog conversion (D/A) control card, and 
gyroscope. The manipulator is driven by 10 PMAs, 
where the scapula joint is driven by four PMAs of 
which the models are DMSP-10N-110-RM-CM and 
DMSP-10N-55-RM-CM; the maximum working pres-
sure is 0.8 MPa. The glenohumeral joint is driven by six 
PMAs, of which the model is DMSP-10N-110-RM-CM; 

the maximum working pressure is 0.8 MPa. The pneu-
matic pump is the pressure source, and the maximum 
supplied pressure is 1.25 MPa. The control signal of the 
proportional valve is controlled by computer through 
the D/A card. Finally, the attitude data is fed back to 
the computer through the gyroscope, and the closed-
loop control is realized. The control block diagram and 
entity diagram of the test system are shown in Figure 11 
and Figure 12, respectively.

4.2  Results Analysis
In order to verify the control strategy proposed in this 
paper, the manipulator is taken as the experimental 
object. The trajectory of the end of the manipulator is 
required to be a circle with a radius of 50 mm, whose 
equation is as follows:

where px0, py0, pz0 are the initial positions of the end 
of manipulator in the XYZ direction. According to the 
joint trajectory planning in Section  2.3, the scapular 
joint and glenohumeral joint can be precisely controlled 

(26)







px = px0 − 15,
py = py0 + 50 cos(wt),
pz = pz0 + 50 sin(wt),

Table 2 Fuzzy control rules of ∆Kp

E EC

NB NM NS ZO PS PM PB

NB PB PB PM PM PS ZO ZO

NM PB PB PM PS PS ZO NS

NS PM PM PM PS ZO NS NS

ZO PM PM PS ZO NS NM NM

PS PS PS ZO NS NS NM NM

PM PS ZO NS NM NM NM NB

PB ZO ZO NM NM NM NB NB

Table 3 Fuzzy control rules of ∆Kd

E EC

NB NM NS ZO PS PM PB

NB PS NS NB NB NB NM PS

NM PS NS NB NM NM NS ZO

NS ZO NS NM NM NS NS ZO

ZO ZO NS NS NS NS NS ZO

PS ZO ZO ZO ZO ZO ZO ZO

PM PB NS PS PS PS PS PB

PB PB PM PM PM PS PS PB
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by fuzzy controller to achieve trajectory tracking of the 
manipulator.

Experimental analysis of the control algorithm was car-
ried out using a test platform built on the upper section. 
The values of the initial gain parameter of the control-
ler are kp1= diag[−3750 −3750 −3750], kd1= diag[−35 
−35 −35], kp2 = diag[−3600 −1350 −1350], and kd2 = 
diag[−90 −15 −15]. The control period was set to 12 s, 
and the estimation parameters of the controller are the 
same as those in the simulation process.

First, we used the general computed torque method to 
control the motion of the manipulator joint and obtain 
the end track tracing curve, as shown in Figure 13. The 
XYZ direction error range of the end position in the tra-
jectory tracking process is (−14.972 mm, 22.551 mm), 
(−45.421 mm, 49.912 mm), and (−5.790 mm, 13.388 
mm) respectively. Then, we used the fuzzy torque algo-
rithm to control the bionic flexible manipulator. Fig-
ure  14 shows that the actual motion trajectory of the 
end of mechanical arm is very close to the desired trajec-
tory. The XYZ direction error range of the end position 
in the trajectory tracking process is (−3.102 mm, 2.664 

Figure 10 Simulation chart of scapula and glenohumeral joint by fuzzy torque control
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mm), (−4.693 mm, 3.411 mm), and (−2.034 mm, 10.114 
mm). The comparison of the simulation and experiment 
results using the fuzzy torque algorithm are summarized 
in Table 4.

Compared with the computed torque method, the 
trajectory tracking precision of the fuzzy torque con-
troller is much higher. However, some jitter still 
occurs in the process of trajectory tracking, and the 
experimental results are slightly larger than the simu-
lation results, as shown in Table  4. The main reason 
for this phenomenon is the fluctuation in the infla-
tion and deflation process of the proportional valve, 
which affects the movement process of PMA. It can 
be adjusted through the designed joint motion con-
trol strategy. The initial response of each joint is a step 
response; hence, there is large jitter at the initial time. 
Although the joints tend to stabilize quickly and track 
the desired trajectory of motion owing to the function 
of the fuzzy controller, the error of the tracking curve 
measured by experiments increases significantly com-
pared with that in the simulation. Another reason is the 
error of the mathematical model of pneumatic muscle. 
However, experimental results show that the end of the 
mechanical arm can effectively track the desired trajec-
tory; thus, the proposed fuzzy torque control algorithm 
is feasible.

5  Conclusions

(1) Based on the anatomy theory of the shoulder joint, 
the skeleton and muscle of the human upper arm 
and the mechanism of action on the skeleton in 
the process of movement are analyzed. The basic 
structure of the human upper arm was selected as a 
serial parallel structure.

(2) Based on the application of computed torque 
method in the trajectory tracking control of 
manipulator, a fuzzy torque control algorithm was 
designed. The two methods were compared by sim-
ulation, and the results show that the fuzzy torque 
control algorithm can compensate the error more 
effectively.

(3) The hardware experimental system was estab-
lished. Compared with general computed torque 
method, the effectiveness of fuzzy torque control 
algorithm was verified in the actual control test of 
the prototype. The XYZ direction error range of the 
end position in the trajectory tracking process is 
(−3.102 mm, 2.664 mm), (−4.693 mm, 3.411 mm), 
and (−2.034 mm, 10.114 mm). The control study in 
this paper does not consider the problem of load. In 
the future, the load capacity and maneuverability of 
the manipulator will be explored in depth.

Figure 11 Hardware composition of control system
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Figure 12 Test platform of the bionic flexible manipulator driven by PMAs
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