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a b s t r a c t

The traditional pneumatic muscle robot joint has weak load capacity and low control precision. This
paper proposes a bionic robotic ankle driven by multiple pneumatic muscle actuators. The structural
design of the bionic robotic ankle and the drive mechanism that imitates human muscle recruitment
are introduced. A dynamic model of the ankle and a static model of the pneumatic muscle actuator
are established to analyze the driving characteristics. The multi-muscle recruiting strategy and load
matching control method are optimized, and the output characteristics are simulated, including the
robotic ankle driven by a single pneumatic muscle actuator, the robotic ankle driven by dual pneumatic
muscle actuators, and the bionic ankle driven by multiple pneumatic muscle actuators. A prototype
and testing platform are developed, and experimental research is carried out to validate the theoretical
analysis and simulation. The results show that the bionic robotic ankle driven by multiple pneumatic
muscle actuators can match varied loads, effectively reducing angle error and increasing output force.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of ShandongUniversity. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Soft actuators have higher flexibility than rigid actuators, mak-
ng them highly promising for industrial production, medical
ehabilitation, and military equipment [1–3]. Among soft actu-
tors, the pneumatic muscle actuator (PMA) has been widely
tudied. Its structure, consisting of woven non-stretchable fibers
nd elastic inner capsules, is easy to manufacture, low-cost, and
lexible. Driven by compressed gas, it has high power density and
afety, making it particularly suitable for robotic joints [4–6].
Currently, there are three main types of robotic joints driven

y PMAs: the unilateral PMA, the PMA with a spring, and the
ilateral PMA [7,8]. Extensive research has been conducted on
hese designs. Zhong uses a single PMA to drive a robotic joint
hat mimics a frog’s leg, enabling a bionic foot to jump [9]. Tsai
evelops a novel 2-DOF lower limb rehabilitation robot using
prings and a single PMA [10,11]. Jamil uses springs and a PMA to
rive a robotic joint capable of resisting external interference to
chieve different motion modes [12]. Iijima constructs a bionic
lexible joint suitable for one-legged jumping robots based on
he antagonistic arrangement of the McKibben PMA [13]. Liang
roposes an energy-based nonlinear control method to achieve
ccurate positioning control using an antagonistic arrangement
f a joint with springs and PMAs [14]. Zhao realizes wrist motion
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using an antagonistic PMA arrangement and proposes an adaptive
collaborative control strategy based on real-time joint impedance
estimation [15]. Chu develops a 4-DOF robotic arm with wearable
features for upper limb rehabilitation, utilizing a combination
of spring-PMA and bilateral PMAs [16]. Xie presents a compact
elbow exoskeleton based on PMA, employing a novel winding
and bionic attachment method to anchor the PMA, achieving high
output torque [17]. Khan develops a PMA-based stroke rehabilita-
tion device for aiding elbow and knee flexion and extension [18].
Wang designs a novel soft parallel robot dedicated to automated
wrist rehabilitation, utilizing a modified 6-SPS/PS parallel mech-
anism structure to drive the patient’s wrist joint through various
movements [19].

In addition to structural design, scholars have also researched
driving control technology. Nguyen develops an adaptive fast
terminal sliding mode controller for a robotic arm with PMA,
employing fuzzy logic techniques to approximate nonlinear func-
tions and a PID controller as a compensator with online learn-
ing capability [20]. Chen proposes a 4-DOF upper limb robotic
exoskeleton for supporting shoulder and elbow movements, ac-
tuated by a PAM via a cable, primarily for passive rehabilita-
tion [21]. Chi designs a rehabilitation robotic device driven by two
antagonistic pairs of PAMs for stroke patients, using a knowledge-
guided data-driven modeling approach to propose an adaptive
feed-forward-feedback control method [22]. Tsai develops a 1-
DOF robotic lower limb system driven by a novel single PAM
with a torsion spring, utilizing a fuzzy sliding mode controller

(FSMC) for path tracking [23]. Chu designs a wearable upper-limb
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ower-assist exoskeleton system (UPES) [24]. Liu proposes a new
oordinated path planning and impedance control method for a
odular exoskeleton elbow and wrist rehabilitation robot driven
y PAM [25].
Existing research shows that the unilateral PMA joint has a

imple structure but suffers from larger vibrations and limited
otion range due to the reverse motion of its own weight. The
pring and PMA joint need to overcome the spring force, causing
cushioning effect and reducing driving capacity. The bilateral
MA joint can achieve bidirectional rotation, with PMAs on both
ides working as agonistic and antagonistic muscles, providing
wide range of movement and flexibility, which is favored by

esearchers [26]. However, most bilateral PMA joints are driven
y a single PMA on one side, resulting in insufficient output
orce for large loads. To increase carrying capacity, researchers
ave gradually equipped multiple bionic Muscle Actuators. The
lone Hand consists of 37 McKibben muscles with 24 degrees of
reedom. These muscles have efficient contractile performance,
rovide powerful driving force [27]. Hoang et al. developed Roboy
.0, a robot that imitates the workings and morphology of the
uman musculoskeletal system. This design allows energy to be
tored in the muscles, giving the robot flexibility [28]. Neverthe-
ess, the existing motion control focuses on algorithms to improve
ccuracy, ignoring the influence of different PMA selections on
otion, which often lacks load matching, leading to large angle
rrors. Yang et al. have developed a bionic robotic joint that
ccurately replicates the musculoskeletal structure of humans.
his novel design incorporates the mechanical intelligence of the
iological joint, significantly improving the flexibility and load
apacity of the robotic joint [29].
The above literature shows that the bionic structure is impor-

ant for the bionic robotic joints, and the load matching control
ethod is also critical for motion performance. The paper pro-
oses a bionic robotic ankle driven by multiple pneumatic muscle
ctuators (a Multi-PMA bionic robotic ankle) based on a driv-
ng mechanism. The research and design focus on the bionic
tructure, force matching strategy, and position-based control
pproach. The paper’s main contributions are twofold: (1) In
he structural design, multiple pneumatic muscle actuators are
ymmetrically arranged to function as agonistic and antagonistic
uscles, improving load capacity and position accuracy. (2) In

erms of the driving mechanism, the driving units recruit PMAs
n real-time based on the load to achieve load matching control,
nhancing the robotic ankle’s motion performance.
The article is arranged as follows. The second part introduces

he driving mechanism of the bionic multi-muscle unit and the
oncept of structural design. In the third part, the dynamic model
f the ankle and the static model of the PMA are established
o analyze the driving characteristics. The fourth part covers the
ontrol simulation, where the output angle and output force are
imulated based on the multi-muscle unit recruiting strategy. The
ifth part discusses the experiment, including the development
f the prototype and testing platform to analyze the motion
haracteristics of different types of ankles.

. Design and analysis

.1. Driving mechanism

The power of the human joint comes from muscles, which
btain energy from blood and signals from nerves to drive the
oint to move smoothly, as shown in Fig. 1. The smallest working
nit in the muscle, called the motor unit, includes the motor
euron and the muscle fiber. Due to the varying loads on the
oint, motor units are usually selectively activated when muscles
rive the joint to move. To ensure that the output force matches
2

the load, the joint and muscle have evolved the following fea-
tures: (a) skeletal muscle contains multiple motor units, and (b)
skeletal muscle recruits different motor units to drive joints under
different loads.

The multi-PMA bionic robotic ankle proposed in this paper
mimics the skeletal-muscle structure of the human ankle, as
shown in Fig. 1. Pneumatic muscle actuators are arranged on both
sides of the ankle. The gas pipe mimics human blood vessels to
provide energy, and gas valves control the gas flow and pressure
into the PMAs. Control signals act like human nerve signals, in-
cluding pulse signals that control the action of valves and sensor
signals that detect ankle motion. To enable the bionic robotic
ankle to drive variable loads smoothly, the driving mechanism
of the multi-PMA imitates the driving mechanism of human
skeletal muscle: the rotation of the ankle is driven by multi-PMA
on both sides, which act as agonistic and antagonistic muscles.
Additionally, the agonistic and antagonistic muscles will recruit
different numbers of PMAs to achieve load-matching control with
high flexibility and energy efficiency.

2.2. Dynamic model

The bionic robotic ankle performs plantar and dorsiflexion
movements, which are simplified into a two-link structure, as
shown in Fig. 2. The dynamic model of the bionic robotic ankle
is established using the Lagrange equation. It is assumed that the
center of mass is located at the midpoint of the rod and that the
load is applied precisely at the endpoint.

According to the ankle coordinate system, the center of mass
m1 of rod 1 can be determined.

x1 =
1
2d1 sin θ1

y1 = −d0 −
1
2d1 cos θ1

(1)

where d0 is the length of the calf, d1 is the length from the shaft
to the sole, and θ1 is the angle of rotation.

Similarly, the position of the load centroid m2 can be deter-
mined.{

y2 = −d0 − d1 cos θ1

x2 = d1 sin θ1
(2)

The derivative of Eq. (1) yields the velocity of the center of
mass m1 of rod 1.{

ẋ1 =
1
2d1 cos θ1θ̇1

ẏ1 =
1
2d1 sin θ1θ̇1

(3)

By differentiating Eq. (2), the velocity of the load centroid m2
is obtained.{

ẋ2 = d1 cos θ1θ̇1

ẏ2 = d1 sin θ1θ̇1
(4)

The total kinetic energy is denoted by K .

K =
1
2
J1θ̇2

1 +
1
2
m1v

2
1 +

1
2
m2v

2
2 (5)

where J1 is the moment of inertia of rod 1. m0, m1, m2 represent
the masses of rod 0, rod 1 and the load, respectively. v1 =√
ẋ21 + ẏ21, v2 =

√
ẋ22 + ẏ22.

The total potential energy is denoted by P .

P = −m1g
(
d0 +

1
2
d1 cos θ1

)
− m2g (d0 + d1 cos θ1) (6)

The kinetic equation can be established.

L = K − P (7)
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Fig. 1. Design of bionic robotic ankle imitating human multi-muscle structure.
Fig. 2. Diagram of simplified structure of the ankle.

here L is the Lagrange function. The expression for the expected
torque is obtained as follows.

Ti =
∂

∂t

(
∂L
∂θ̇i

)
−

∂L
∂θi

(8)

The ankle dynamics model is derived further.

T1 =

(
J1 +

1
4
m1d21 + m2d21

)
θ̈1 +

(
1
2
m1 + m2

)
gd1 sin θ1 (9)

The angular acceleration is expressed as θ̈1.

¨1 =
1
J

(T1 − Tm) (10)

here J = J +
m1d21+4m2d21 , T =

(
m1+2m2

)
gd sin θ .
1 4 m 2 1 1

3

The ankle is driven by a driving wheel, and the driving torque
is expressed as follows.

TP = JP θ̈1 (11)

where JP is the moment of inertia of the driving wheel. Consid-
ering the effects of damping and disturbance, the total driving
torque is expressed as follows.

T = T1 + TP + τd + cθ̇1 (12)

where τd is a disturbance, cθ̇1 is the damping.

2.3. Static model of the PMA

Due to the complex structure of the PMA, its static charac-
teristics are difficult to express with a theoretical model [30].
Therefore, the static model of the PMA is usually established
based on theoretical research and experimental corrections. Fig. 3
shows the testing of the PMA, indicating that the contracting
force is primarily affected by input gas pressure, initial length,
and contracting length.

Within the range of input gas pressure from 0.1 MPa to 0.4
MPa and initial length from 165 mm to 200 mm, the following
rules apply: when the input gas pressure is constant, the con-
tracting force increases with the initial length. Conversely, for the
same contracting force, a greater initial length requires a lower
input gas pressure.

The characteristic model of the pneumatic muscle actuator is
established as follows.

F (ε, p) = a (ε) p + b (ε) (13)

where a (ε) =
∑2

m=0 a2−mεm, b (ε) =
∑4

n=0 b4−nε
n.

By combining the theoretical model with experimental cor-
rections, the parameter values in Eq. (13) are obtained using the
fitting method, as shown in Table 1.

2.4. Analysis of output force

Fig. 4 shows the driving structure of the bionic robotic ankle,
which imitates the human joint driving mechanism. The bionic
ankle is equipped with pneumatic muscle actuators on both sides
to mimic agonistic and antagonistic muscles. The ankle uses

different combinations of PMAs to drive its movements.
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Fig. 3. The testing of the PMA. (a) The Testing device of the pneumatic muscle actuator. (b) The relationship between the contracting force and the input gas
pressure.
E

T

Table 1
Multinomial curve fitting parameters.
Symbol Value Symbol Value

a0 −0.057 b1 −0.00231
a1 −7.247 b2 0.132
a2 355.3 b3 −2.428
b0 1.75 × 10−5 b4 −9.032

Fig. 4. Diagram of the multi-PMA bionic robotic ankle structure.

As shown in Fig. 4, when the bionic robotic ankle rotates coun-
erclockwise, PMA-A is activated by the on–off valves, providing
he driving force for rotation and acting as the agonistic muscle.
eanwhile, PMA-B is pulled, providing the antagonistic force
nd acting as the antagonistic muscle. Conversely, if the bionic
nkle rotates clockwise, the roles of the agonistic and antagonistic
uscles switch.
The output force is related to the number of the activated

MA. The control signal for the on–off valve connected to PMA-A
s xA = xi, where xi = 1 (i = 1∼4) indicates that the on–
ff valve is open and PMA-A is activated and contracting, while
i = 0 (i = 1∼4) indicates that the on–off valve is closed, and
MA-A is exhausting. Similarly, the control signal for the on–off
alves connected to PMA-B is x = x , where x = 1 (i = 1∼4)
B j j

4

indicates that the on–off valve is open and PMA-B is activated
and contracting, while xj = 0 (i = 1∼4) indicates that the on–off
valve is closed and PMA-B is exhausting. Thus, the relationship
between the number of the activated PMA and the on–off valve
signals can be represented.

nA =

4∑
i=1

xi (14)

nB =

4∑
j=1

xj (15)

According to Eqs. (13)–(15), the total output force of the bionic
robotic ankle can be determined.{

FA = F (εA, pA) · nA

FB = F (εB, pB) · nB
(16){

εA = ε0 + rθ2
εB = ε0 − rθ2

(17)

The equation for the output torque of the ankle is established.

T = (FA − FB) r

=

⎛⎝ 4∑
i=1

xi · (a (εA) pA + b (εA)) −

4∑
j=1

xj (a (εB) pB + b (εB))

⎞⎠ r

(18)

The rate of change of torque is obtained by differentiating
q. (18).

̇ =

(
4∑

i=1

xi
(
a (εA) ṗA + ȧ (εA) pA + ḃ (εA)

)
−

4∑
j=1

xk
(
a (εB) ṗB + ȧ (εB) pB + ḃ (εB)

)⎞⎠ r (19)

Eqs. (18) and (19) show that the output torque is affected by
the number of the PMAs, the length of contraction, and the input
gas pressure.

From Eqs. (18) and (19), it can be seen that different out-
put torques can be achieved by adjusting the input gas pres-
sure. Changes in the input gas pressure can be determined by
differentiating the ideal gas equation [31,32].

ṗ =
kRT

qm −
kpV̇

(20)

V V



D. Fang, F. Ren, J. Wang et al. Biomimetic Intelligence and Robotics 4 (2024) 100176

W
g

w
d
l

(
l

q

ϕ

w

r

t

T

i
t
i
v

3

3

o
i

f
c
n

v

t
w
t
w

n

here qm is the mass flow rate, p is the gas pressure, V is the
as volume of the pneumatic muscle cavity, T is the adiabatic

temperature of the gas, k is the adiabatic coefficient of gas, R is
the gas constant.

Assuming that the PMA operates as an ideal cylinder, its vol-
ume V and volume change V̇ can be obtained by using the
geometric model.⎧⎪⎪⎨⎪⎪⎩

V =
πD2

0
4 sin 2α0

(L0 − ε)

(
1 −

(L0−ε)2 cos 2α0
L20

)
V̇ =

πD2
0

4 sin 2α0

(
3(L0−ε)2 cos 2α0

L20
− 1

)
ε̇

(21)

here α0 is the initial angle of the woven, D0 is the initial
iameter of the PMA, L0 is the initial length of the PMA, ε is the
ength of contraction.

The on–off valve is controlled by pulse width modulation
PWM). Based on the gas mass flow equation [31,32], the re-
ationship between gas flow and the duty cycle is established.

m = uϕm (pi, po) (22)

m (pi, po) =⎧⎪⎪⎪⎨⎪⎪⎪⎩
CdS

pi√
RT

√
2k
k−1

[(
po
pi

) 2
k

−

(
po
pi

) k+1
k
]
(pcr ≤

po
pi

≤ 1)

CdS
pi√
RT

√
2k
k+1

( 2
k+1

)( 2
k−1

)
( popi ≤ pcr )

(23)

here, pi is the upstream absolute pressure, po is the downstream
absolute pressure. S is the equivalent cross-sectional area of the
on–off valve.

When the contraction of the PMA is constant, the volume
change is zero, and the rate of change of input gas pressure can
be expressed.

ṗ =
kRT
V

qm (24)

It can be seen that the rate of change of input gas pressure is
elated to the internal mass flow rate.

When the contraction is fixed, the rate of change of output
orque can be expressed.

̇ =
kRT
V

⎛⎝ 4∑
i=1

xi · (uAϕmAa (εA)) −

4∑
j=1

xj (uBϕmBa (εB))

⎞⎠ r (25)

It can be seen that when the combination of the on–off valves
s fixed and the length of contraction is constant, the change in
orque will also be affected by the PWM equivalent mass flow rate
n one cycle. Therefore, controlling the duty cycle of the on–off
alves can achieve different output torques.

. Simulation of motion control

.1. Force matching control strategy

Based on the human joint driving mechanism and the analysis
f the bionic robotic ankle, the multi-PMA recruiting strategy is
llustrated in Fig. 5.

First, determine the magnitude of the load Fl and the output
orce Fo. If Fo < Fl, it indicates that the output force from the
urrent combination does not meet the load requirement, and it is
ecessary to increase the number of activated PMA, until Fo ≥ Fl.
Second, compare the current angle error e with the limiting

alue δ. When e ≤ |δ|, it indicates that the output force is optimal,
and no adjustment is needed for n. When e > δ, it indicates that
5

Fig. 5. Flow chart of the multi-PMA recruitment.

he output force is insufficient, leading to an increase in error,
hich requires n = n + 1, Conversely, when e < −δ, it means
hat the output force is too large, causing an increase in error,
hich requires n = n − 1.
Finally, n ∈ [1, N] . When n /∈ [1, N] , if n < 1, n = 1; if n > N ,

= N .
Fig. 6 shows the schematic diagram of the load matching

control for the bionic robotic ankle. The pneumatic muscle actu-
ators are arranged on both sides of the bionic robotic ankle, with
motion driven and controlled by Pneumatic Muscle Actuators-
A and Pneumatic Muscle Actuators-B. Both sides follow similar
control principles. Within each control loop, a PID controller is
used for feedback control of the rotation angle. The duty cycle of
the PWM is calculated based on the difference between the ex-
pected angle and the feedback angle. The PWM generator controls
the on–off valves, which activate the PMA and drive the ankle
to rotate. In addition, the output force is regulated by a force
matching controller using the multi-PMA recruitment strategy
shown in Fig. 5, to further control the corresponding on–off valves
and drive the ankle.

Simulated models are established in Simulink to conduct mo-
tion analysis for the ankle. The expected rotation is θd = 20 sin (t),
the PWM frequency is 20 Hz, and the parameters of the PID
controller are Kp = 50, Kd = 5, Ki = 0. Table 2 shows other
simulation parameters.

3.2. Characteristics of output angle

Fig. 7 shows the characteristics of the output angle. From 0 to
1.6 s, the ankle undergoes sagittal dorsiflexion, with the first peak
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Fig. 6. Schematic diagram of bionic robotic ankle load matching control.
Fig. 7. The characteristics of output angle. (a) The expected output angle curve of the ankle. (b) Output angle error of the different driving types.
Table 2
Parameters in the simulation.
Name Symbol Value

source gas pressure Ps 0.4 MPa
Diameter of the PMA D0 12.5 mm
Initial length of the PMA L0 200 mm
Diameter of the valve port D 1 mm
Quality of the driving wheel mp 0.2 kg

representing the maximum dorsiflexion angle and the maximum
contraction length of the agonistic muscle. From 1.6 to 4.7 s, the
ankle performs plantarflexion, with the first trough indicating
the largest plantarflexion angle and the maximum contraction of
the antagonistic muscle. After 4.7 s, the ankle rotates again into
dorsiflexion, repeating the previous movement.

To study the motion characteristics of the Multi-PMA bionic
obotic ankle, the bilateral single pneumatic muscle actuator
obotic ankle (S-PMA robotic ankle) and bilateral dual pneumatic
ctuator robotic ankle (D-PMA robotic ankle) are selected for
omparative analysis.
Fig. 7(b) shows the angle errors for the three types of ankles

with a load mass of 3 kg). It is evident that the output angle
rror of the S-PMA robotic ankle is the largest, the output angle
rror of the D-PMA robotic ankle is larger, and the output angle
rror of the Multi-PMA bionic robotic ankle is the smallest. This
emonstrates the precision advantage of the bionic Multi-PMA

echanism in driving joint.

6

3.3. Characteristics of output force

Fig. 8 shows the output force curve of the S-PMA robotic ankle.
In Fig. 8(a), the solid blue line represents the load, the dotted red
line represents the output force of the S-MPA-A, and the solid
black line represents the theoretical maximum output force of the
S-PMA-A.

From 0 to 1.1 s, as the dorsiflexion angle increases, the con-
traction length of the S-PMA-A which acts as the agonistic muscle
also increases, causing its theoretical output force to decrease. At
1.1 s, the maximum output force of the S-PMA-A is less than the
load, making it insufficient to drive ankle dorsiflexion. It is not
until 2.2 s that the ankle transitions into plantarflexion rotation,
with the S-PMA-B working as the agonistic muscle, as shown by
the red dotted line in Fig. 8(b). At 4.2 s, the maximum output
force of the S-PMA-B is less than the load, making it insufficient to
drive ankle plantarflexion. At 5.4 s, the ankle transitions back into
dorsiflexion, and the S-PMA-A again acts as the agonistic muscle,
continuing to drive the ankle’s rotation. The curve in Fig. 8 shows
that the S-PMA has phases of insufficient output force, resulting
in halted motion and failing to rotate according to the expected
curve.

To achieve ankle rotation according to the desired trajectory,
the traditional method is to increase the number of pneumatic
muscle actuators. This paper simulates the driving mode with
dual pneumatic muscle actuators on both sides. The output char-

acteristic curve is shown in Fig. 9. The driving characteristics of
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Fig. 8. Output force curves of the S-PMA robotic ankle. (a) Output force curve of the S-PMA-A. (b) Output force curve of the S-PMA-B.
Fig. 9. Output force curves of the D-PMA robotic ankle. (a) Output force curve of the D-PMA-A. (b) Output force curve of the D-PMA-B.
he D-PMA are similar to those of the S-PMA. When the agonistic
uscle provides power to the ankle, it is pulled by the antag-
nistic muscle. Near the maximum angles in dorsiflexion and
lantarflexion, the output torque cannot meet the load, resulting
n motion stagnation. In the motion of the D-PMA robotic ankle,
he stagnation time are from 1.2 to 2.0 s and from 4.3 to 5.2 s.

To address the aforementioned shortcomings, this paper pro-
oses a bionic driving mechanism based on the multi-muscle
ecruitment mechanism of the human joint. Fig. 10 shows the
riving characteristics of the multi-PMA. In Fig. 10(a), the solid
lue line represents the load, the dotted red line represents
he output force of the Multi-PMA-A, and the solid black line
epresents the theoretical maximum output force of the Multi-
MA-A. Clearly, the black dotted line is always above the blue
olid line, indicating that the output force of the multi-PMA can
rive the load. From 0 to 1.0 s, as the dorsiflexion angle increases,
he contraction length of the Multi-PMA-A, which acts as the
gonistic muscle, also increases, and its theoretical output force
ecreases but remains greater than the load, allowing the ankle
o rotate. During this period, the Multi-PMA bionic robotic ankle
ecruits a single pneumatic actuator. From 1.0 to 2.4 s, the output
orce of a single pneumatic muscle is insufficient to drive the
nkle to rotate, so the Multi-PMA recruits two pneumatic muscle
ctuators. On the side of the antagonistic muscle, the driving force
equired only necessitates the recruitment of a single pneumatic
uscle, as shown in Fig. 10(b). The black dotted line is always
bove the blue solid line, indicating that the antagonistic muscle
oes not need to recruit additional pneumatic muscle actuators.
By comparing the driving characteristics of the S-PMA robotic

nkle, the D-PMA robotic ankle, and the Multi-PMA bionic robotic
nkle, we can see that the first two driving strategies use an all-
r-nothing selection model. In contrast, the bionic strategy can
utput different forces to drive various loads by adjusting the
umber of recruited pneumatic muscle actuators.
7

4. Experiment and discussion

As shown in Fig. 11, an experimental testing platform is built
to analyze the driving characteristics of the ankles. The solid black
line represents the flow of pressurized gas, and the dashed black
line represents the flow of electronic signals. The experimental
components include an air compressor, MCU (STM32F103C8T6),
on–off valve (H103L-DL), rotary encoder (GTH08-LD-RAG2500Z1-
2M), and force transducer. The air compressor provides pressur-
ized gas, which is controlled by the on–off valve and delivered
to the PMA. The microcomputer processes the angle information
and the output force information in real-time, which is used to
track the position and activate the on–off valve to achieve load
matching control.

The black dotted line indicates the direction of electrical signal
transmission, and the black solid line indicates the flow direction
of fluid energy. The air pump converts mechanical energy into
fluid energy transfer. The compressed gas first passes through the
pneumatic triplet (mainly used to set the safety test pressure),
then through the pipeline to the on–off valve (mainly used to con-
trol the intake and output volume of the pneumatic muscle), and
finally, the gas is transferred to the pneumatic muscle. Pneumatic
muscles convert fluid energy into mechanical energy to drive the
bionic ankle movement. The slave computer collects force sensor
data, angle encoder data, and performs closed-loop control of
the bionic ankle joint. The slave computer adjusts PWM through
the position controller program according to the angle encoder
information and controls the on–off valve through corresponding
pulse width modulation, based on its duty cycle, to manage the
intake and exhaust volume of the pneumatic muscle. The force
sensor information helps determine the numbers of pneumatic
muscles involved in the movement through the force matching

controller program. The PC collects and processes data from the
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Fig. 10. Output force curves of the Multi-PMA-A robotic ankle. (a) Output force curve of the Multi-PMA-A. (b) Output force curve of the Multi-PMA-B.
Fig. 11. Schematic diagram of the ankle experimental system.
lave computer and delivers the movement pattern of the bionic
nkle joint.
Set the air source pressure to 0.4 MPa and configure the

esired angle curves to θd = 20 sin (t) and θd = 20 sin (2t),
espectively. The parameters of the PID controller are Kp = 1000,
d = 50, Ki = 0.
The output characteristic curves of the bionic Multi-PMA

robotic ankle, with the desired angle set to θd = 20 sin (t), and
a unilateral PMA count of 2, are shown in Fig. 12. As seen in
Fig. 12(a), the maximum angle of plantarflexion and dorsiflexion
is about 16◦. Referring to Fig. 12(b), when the plantarflexion angle
is 16◦, Multi-PMA-A acts as the agonistic muscle and recruits 2
PMAs, while Multi-PMA-B acts as the antagonistic muscle and
recruits 1 PMA. Conversely, when the dorsiflexion angle is 16◦,
Multi-PMA-B acts as the agonistic muscle and recruits 2 PMAs,
while Multi-PMA-A acts as the antagonist muscle and recruits
1 PMA. The limitation on the number of PMAs resulted in a
significant deviation of the maximum angle of plantarflexion and
dorsiflexion from the desired angle.

The output characteristic curves of the bionic Multi-PMA
robotic ankle, with the desired angle set to θd = 20 sin (t) and the
unilateral PMA count set to 4, are shown in Fig. 13. As can be seen

from Fig. 13(a), the actual angle tracks the desired angle well.

8

Referring to Fig. 13(b), when the plantarflexion angle increases
from 0 to 20◦ over 0–5 s, the number of PMAs recruited by Multi-
PMA-A as the agonistic muscle increases from 0 to 4, while the
number of PMAs recruited by Multi-PMA-B as the antagonistic
muscle increases from 0 to 2. At a dorsiflexion angle of 20◦,
Multi-PMA-B acts as the agonistic muscle, and the number of
PMAs recruited is 3. Due to the increase in the number of PMAs
and the variety of combinations of recruited PMAs, the angle can
accurately track the desired angle.

The output characteristic curves of the bionic Multi-PMA
robotic ankle are shown in Fig. 14 when the desired angle is θd =

20 sin (2t) and the number of unilateral PMAs is 4. The bionic
Multi-PMA robotic ankle is also able to track the desired angle
by doubling the angle frequency of θd = 20 sin (2t) compared to
θd = 20 sin (t). Corresponding to Fig. 14(b), the frequency of PMA
recruitment is more intensive compared to Fig. 13(b).

The error curves of the bionic Multi-PMA robotic ankle for
desired angles θd = 20 sin (t) and θd = 20 sin (2t) are shown
in Fig. 15. As seen in Fig. 15(a), when the desired angle is θd =

20 sin (t), the error curve for 2 PMAs ranges from [−3.7, 3.4],
while the error curve for 4 PMAs ranges from [−3.3, 2.2]. Overall,
the error curve for 4 PMAs is better than that for 2 PMAs. When

the desired angle frequency is doubled to θd = 20 sin (2t), the
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Fig. 12. Output characteristic curve of the Multi-PMA bionic robotic ankle with 2 PMAs. (a) Motion angle curve. (b) PMA recruitment curve.
Fig. 13. Output characteristic curve of the Multi-PMA bionic robotic ankle with 4 PMAs. (a) Motion angle curve. (b) PMA recruitment curve.
Fig. 14. Output characteristic curve of the Multi-PMA bionic robotic ankle with 4 PMAs. (a) Motion angle curve. (b) PMA recruitment curve.
error curves of the PMAs are shown in Fig. 15(b). The error curve
for 2 PMAs ranges from [−5, 4.3], and the error curve for 4 PMAs
anges from [−4.3, 3]. The error curve for 4 PMAs is smaller than
hat for 2 PMAs. As the expected angle frequency increases, the
rror of the PMAs also increases, which is attributed to multiple
actors such as the delayed response of the on–off valve and the
ittering of the PMAs.
9

The root mean square errors (RMSEs) of the angle for the
bionic Multi-PMA robotic ankle are shown in Table 3. When the
desired angle frequency is 1 Hz, that is, the desired angle is
θd = 20 sin (t), the RMSE of the angle for 2 PMAs is 2.0056,
while the RMSE for 4 PMAs is 1.2602. The RMSE for 4 PMAs is
smaller than that for 2 PMAs. When the desired angle frequency
is 2 Hz, that is, the desired angle is θ = 20 sin 2t , the RMSE
d ( )
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Fig. 15. Angle error curves of the bionic Multi-PMA robotic ankle at different frequencies. (a) y = 20 sin (t), (b) y = 20 sin (2t).
.

able 3
he root mean square errors of the angle of the bionic Multi-PMA robotic ankle
Model y = 20 sin (t) y = 20 sin (2t)

Double PMAs 2.0056 2.9861
Four PMAs 1.2602 2.1005

of the angle for 2 PMAs is 2.9861, and the RMSE for 4 PMAs is
2.1005. The RMSEs for both 2 PMAs and the 4 PMAs increase
compared to the 1 Hz frequency, which is due to the response
rate of the on–off valve and the hysteresis of the PMAs. When
dealing with heavy loads, increasing the number of the PMAs
recruited by the bionic Multi-PMA robotic ankle helps to reduce
angle errors and improve tracking accuracy. However, increasing
the frequency can cause an increase in angle errors.

5. Conclusion

In this paper, a novel bionic robotic ankle driven by multiple
neumatic muscle actuators is studied. The bionic design, theo-
etical analysis, simulation analysis and experimental testing are
ompleted. The following conclusions are obtained.
The bionic structure and driving mechanism are designed by

mitating the multi-motor unit and recruitment mechanism of
uman skeletal muscle. Different combinations of 4 pneumatic
uscle actuators on one side can drive a wide range of loads. The
riving characteristics of the bionic ankle are studied theoreti-
ally, dynamic and the PMA models are established to show how
utput torque, the number of PMAs, the contraction length, and
nput gas pressure influence performance. Based on the Multi-
MA recruitment strategy, load-matching control simulations for
gonistic and antagonistic muscles are carried out, and the output
haracteristics of the S-PMA robotic ankle, the D-PMA robotic an-
le, and the Multi-PMA bionic robotic ankle are obtained. Finally,
prototype of the bionic ankle is developed, and the motion con-
rol testing is completed. This testing proves that the Multi-PMA
ionic robotic ankle can drive the joint in real-time according
o load changes, indicating superior angle tracking performance
ompared to other PMA robotic ankles.
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