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Abstract— Ankle sprains are the most common type of ankle 
injuries for the general public. Due to the lack of human manual 
therapy resources, it is highly demanding for robot-assisted 
rehabilitation training. However, most of the current robotic 
ankle rehab devices are driven by rigid actuators and have 
problems such as limited degrees of freedom, lack of safety and 
compliance and poor flexibility. This paper will design a new 
version of compliant ankle rehabilitation robot redundantly 
driven by pneumatic muscles (PMs) to provide full range of 
motion and torque ability for human ankle with enhanced safety 
and adaptability, attributing to the PM’s high power/mass ratio, 
good flexibility and light weight advantages. In this paper, the 
driving characteristics of the PM actuators, as well as the 
kinematics and rehabilitation requirements of the ankle joint 
are analyzed. A new type of ankle rehabilitation robot that is 
redundantly driven by five PMs is designed and modeled. The 
ankle joint can be compliantly driven by the robot with full 
three degrees of freedom to perform dorsiflexion/plantarflexion, 
inversion/ eversion and adduction/abduction training. Then the 
kinematics and dynamics model of the rehabilitation robot is 
established to validate and verify the design and the models. 

I. INTRODUCTION 

Globally, 15M people suffer a stroke every year, causing 
5M permanently disabled, which makes stroke the second 
leading cause of disability [1]. Ankle sprains, which involve 
overstretching the ligaments and soft tissues around the ankle, 
are the most common type of ankle injuries. In the UK, there 
are >2 million emergency department visits with sprained 
ankles a year, accounting for 5,600 incidences per day [2]. In 
sports, ankle injuries are the most frequent injuries with ankle 
sprains accounting for 76.7% of total ankle injuries [3]. They 
have the highest incidence rate among various sports, i.e. the 
rates are 100%, 23.3%, and 17.4% for field hockey, rugby and 
basketball, respectively [3]. The economic burden of ankle 
sprains is significant and the average cost of treating ankle 
sprain is approximately £940 [4], amounting to an estimated 
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annual direct treatment cost of > £2 billion. The total indirect 
costs, e.g. costs of travel, productivity loss and medical 
treatment, will exceed £12 billion each year, imposing 
tremendous economic burden on the UK society [5]. 

It is widely accepted that the development of chronic ankle 
instability is dependent upon the interaction of various 
mechanical and sensorimotor functional instabilities; therefore 
ankle rehabilitation, which aims to restore the ankle ability so 
that is can move with a full range of motion, enhance the 
muscle strength, and improve the proprioception control, is 
required to prevent progression of a single acute ankle sprain 
event into a chronically unstable condition [6]. The repetitive 
and tedious nature of rehabilitation makes the use of a robotic 
system an attractive alternative for ankle treatment. Our 
review shows that limitations exist in current robots, such as 
the inappropriate robotic design, small range of motion (RoM) 
and limited force/torque capability [7]. Meanwhile, most of 
the current ankle rehabilitation robots are driven by rigid 
actuators, which have problems such as lack of safety and poor 
flexibility. There are a few preliminary robotic prototypes for 
post-stroke rehabilitation, but no robotic devices developed 
specifically for ankle sprain assessment and treatment [8]. For 
example, MIT Anklebot [9] and Robotic Gait Trainer [10] can 
only operate with a single degree of freedom (DoF). Existing 
multiple DoFs ankle robots such as Rutgers Ankle [11] and 
ARBOT [12] are driven by rigid and stiff actuators [13]. Ankle 
sprains have physical damage to ankle ligaments and tissues 
which lead to mechanical and functional instabilities [14]. The 
mechanical structure requirement, medical fundamentals, 
assessment and treatment of patients with ankle sprains raise 
challenges in the design of compliant ankle robot.  

Pneumatic muscles (PMs) have the characteristics of high 
output/self-weight ratio and are therefore suitable for wearable 
and rehabilitation robots when interacting with humans. As 
PM can only provide pulling force rather than pushing force, 
two pneumatic muscles are usually adopted in an antagonist 
structure to realize the rotary motion of a single joint. Huang et 
al. [15] designed a 2-DoF wrist rehabilitation robot driven by 
two pairs of pneumatic muscles with a pulley to achieve the 
rotation of the wrist joint. Cao et al. [16] designed a knee 
exoskeleton robot using four pneumatic muscles to achieve 
flexion and extension of the knee joint in the form of 
antagonistic pairs and pulleys. For single DoF joints such as 
hip or knee, the antagonistic structure is competent. However, 
for joints with multiple DoFs such as the ankle joint, the 
large-scope use of the antagonistic modules will significantly 
increase the mechanical complexity and control. Parallel 
mechanism has the advantages of strong loading capacity and 
small operation error, and is suitable for the rehabilitation of 
ankle joints [17]. A parallel ankle rehabilitation robot actuated 
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by PMs has been developed by the University of Auckland 
[18], it employs four parallel PMs to actuate the user’s ankle 
joint [19]. The robot consists of two parallel platforms, a fixed 
platform and a moving platform that is actuated by four PMs 
in parallel. An updated version with more powerful Festo 
muscles and three-link lower platform to regulate the ankle 
three DoFs were further developed and tested [20, 21]. This 
design allows the participant’s lower limb and shinbone to 
stay stationary during the ankle training process. However, 
limitations still exist for these parallel robots. Due to the strict 
symmetry of the four muscles, the torque ability and RoM of 
the robot in adduction/abduction is quite week. As the PM can 
only provide unidirectional force, it is essential to add a 
redundant actuation to achieve the required movements. 

In this paper, a new type of parallel ankle rehabilitation 
robot redundantly driven by PMs with full three-DoF and 
RoM abilities will be designed and modeled. The rest of this 
paper is organized as follows: Section II analyzes the human 
ankle motion features and designs the mechanical structure 
and components. The robot kinematic and dynamic models 
will be established in Section III to validate the mechanism 
design. In Section IV, we perform simulations to verify the 
robot movement ability by comparing experimental results. 
Conclusion and future work are presented finally.  

II. ANKLE MOTION AND ROBOT DESIGN 

A. Ankle Movement Features 
As one of the most complicated structures of the human 

body, the ankle is also very vulnerable. To appropriately 
deliver ankle rehabilitation, the designed robot structure must 
consider the ankle movement features and meet the training 
needs. Human ankle is mainly composed of the ankle joint and 
the talus joint, as shown in Fig. 1(a). The ankle joint is mainly 
composed of the lower end of the humerus, the tibia and the 
talus, while the talus joint mainly includes the talus and the 
calcaneus. In this paper, the ankle joint will be treated as a 
three-DoF revolute joint, as shown in Fig. 2(b), i.e., the three 
rotational DoFs are the dorsiflexion/plantarflexion around the 
X axis, the inversion/eversion around the Y axis, and the 
adduction/abduction rotation around the Z axis.  

 
Figure 1.  Analysis of the ankle movement: (a) bilogical structure of the 

ankle (b) ankle moving degrees of freedom 

In order to design a robot meeting the rehabilitation needs 
of the ankle, it is necessary to realize the rotational movement 
of the ankle in the three DoFs around the X, Y and Z axes, 
especially the rotational RoM which plays a major role [22]. 
Table 1 shows the maximum RoM of the ankle. The robot 
must have a workspace that covers the typical range of motion 
of the human ankle in most situations, in order to carry out 
different ankle rehabilitation exercises easily. 

TABLE I.  RANGE OF MOTION OF THE HUMAN ANKLE 

 Ankle Motions Maximum RoM 

x   Dorsiflexion 20.3o-29.8o 

x   Plantarflexion 32.6o-40.8o 

y   Inversion 14.5o-22.0o 

y   Eversion 10.0o-17.0o 

z   Adduction 22.0o-36.0o 

z   Abduction 15.4o-25.9o 

B. Robot Mechanism Design 
As pneumatic muscles can only provide tension force, 

there must be a redundancy to achieve force closure of the 
robot. That is, to complete a rotational motion of degrees of 
freedom, at least a pneumatic muscle actuator is required [23]. 
Many parallel ankle rehabilitation devices are driven from the 
downside with the upper platform constrained about a center 
of rotation which is usually not coincident with the actual 
ankle center. In order to meet the above-mentioned RoM and 
rehabilitation needs of the ankle, this paper designs a 
rehabilitation robot with the driving part on the top and the 
moving platform below, which can ensure the rotation center 
of the robot is in consistent with the rotation center of the 
participant’s ankle. The design is actuated from the top and 
thus enable the user to wear it with the shank be stationary.  

The designed ankle robot is mainly composed of a moving 
platform, a driving module and a support module to help the 
patient complete three ankle rotational movements, while the 
translation in the three directions of X, Y, and Z axes can be 
restricted. The moving platform model is shown in Fig. 2, 
which includes the rotating platform joint 1 (X-axis) and its 
left and right support rods, the rotating platform joint 2 
(Y-axis) and the rotating platform joint 3 (Z-axis). The robot 
will be equipped with foot plate, angle sensors and six-axis 
force/torque sensor to monitor the robot movement as well as 
the human robot interaction. The left and right shaft supports 
are fixed on the base. Joint 1 support is connected to joint 1 
through the rotating shaft and the deep groove ball bearing. 
Joint 1 is also connected with the crankshaft of joint 2, and the 
crankshaft of joint 2 is connected with the moving platform 
through the joint 3 and the thrust ball bearing. Finally, the 
moving platform is connected with the foot pedal. 

  
Figure 2.  Moving platform of the designed robot 

The robot driving module is shown in Fig. 3, which mainly 
includes pneumatic muscle components, pulley brackets, fixed 
pulleys and swingable pulleys. PM1 and PM2 are connected to 



  

the fixed point of the front end of the moving platform by the 
wire rope through the swinging pulleys. The moving platform 
will be driven rotating around the Y-axis to reach ankle 
inversion/eversion when PM1 or PM2 is contracted. PM3 and 
PM4 are connected to the front end of the moving platform by 
the wire rope through the swinging pulleys. Similarly, the 
moving platform will be driven rotating around the Z-axis to 
reach ankle adduction/abduction when PM3 or PM4 is 
contracted. PM5 is connected to the back end of the moving 
platform by the two fixed pulleys and the swinging pulley by a 
steel rope. When PM5 or PM1 and PM2 are contracted, the 
moving platform is rotated about the X-axis to help the ankle 
joint perform dorsiflexion/plantarflexion movement. 

 
Figure 3.  Driving module of the designed robot 

 
Figure 4.  Support structure of the designed robot 

The support structure is shown in Fig. 4. It mainly includes 
the base, muscle support, leg support and lower limb support. 
The muscle support and the leg support are bolted to the base. 
The thigh plate and the calf plate are bolted to the leg rests. 
The telescopic rod is used to adjust the height of the thigh plate 
to meet the requirements of patients with different leg lengths. 
The telescopic rod is fixed on the leg support rod by the 
positioning pin and the guide bolt, and the positioning pin is 
used for positioning and adjusting the height. The rail bolts are 
used to limit the extent to which the telescopic rod is pulled 
out of the leg rests. One side of the telescopic rod has a rail 
groove with a vertical height of 89 mm, and the other side has 
ten positioning holes, and the spacing of the positioning holes 

is 9.9 mm. The adjustable vertical height of the telescopic rod 
is 89mm, and the adjustment range is divided into 9 levels, 
each of which can be increased by 9.9mm. 

III. KINEMATICS AND DYNAMICS MODELLING 

A. Kinematics Modelling 
Inverse kinematics of robot describes the relationship 

between the rotation angle of the moving platform and the 
displacement of each link as well as the PM actuator, which is 
the basis for position control of the ankle rehabilitation robot. 
Geometric model of the designed robot is shown in Fig. 5. The 
coordinate system of upper platform is defined as 

fO XYZ , 
the coordinate system of lower moving platform is 

mO XYZ , 
actual rotating coordinate system of the moving platform is 

RO XYZ ,  1,2, ,5f
iP i    represent the connection points of 

the cable with the fixed platform, while the connection points 
with the moving platform are represented by  1,2, ,5m

iP i   . 
The distance between the fixed platform center 

fO  and the 
rotating center of the moving platform 

RO  is 0.477H m . The 
distance between the actual rotating center 

RO  and the 
geometric center of the moving platform 

mO  is 0.106h m . 
The coordinates of f

iP  and m
iP  in their respective coordinate 

systems are illustrated in (1) and (2). 

 
Figure 5.  Mechanism and geometric model of the ankle robot 
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Defining rotational angle vector of the moving platform as 
[ ]T

x y z  q , where 
x , 

y and 
z  represent the rotation 

angle of the moving platform around the X, Y, and Z axis. 

 [0 0 ]T
f RO O     H 


 

According to the geometric model shown in Fig. 5, the 
displacement vector of the ith link can be expressed as: 



  

  1,2, ,5m f
i f R R i f iO O O P O P i   L R

 
  

where m
R iO P
 is the position vector of m

iP  in the coordinate 
system 

RO XYZ , f
f iO P
  represents the position vector of f

iP in 
the coordinate system 

fO XYZ , which are the inherent 
parameter information of the ankle rehabilitation robot, and 
they are independent of the robot lower platform movement. 
R is the rotation matrix of the robot moving platform, which is 
determined by the rotational angles of the moving platform 

[ ]T
x y z  q . The rotation of the moving platform can be 

regarded as the rotation around the X axis, the Y axis and the Z 
axis respectively, wherein the rotation matrix around a single 
axis 

xR , 
yR and

zR can be expressed as (5), then we can obtain 
the final rotation matrix R as in (6). In (5) and (6), S represents 
the sin () function and C represents the cos () function. 
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Then the displacement change of each PM link is: 


0 0 , ( 1, 2, ,5)m f

i i i f R R i f i il l O O O P O P l i       L R
 

  

where 0il  is the initial length of the ith link, in which 

10 20 30 40 50[ , , , , ] [598,598,112,112, 238]( )l l l l l mm . Each PM 
is 400mm long, so the total PM-cable length will be the sum of 
the two. If 0il  , it means that the PM needs to contract, Or 

0il   means that the PM needs to be stretched. 

So far, the inverse kinematics model of the 3-DOF ankle 
rehabilitation robot has been established. Within the RoM of 
the ankle robot, the displacement of each PM actuator can be 
obtained using the inverse kinematics and the measured robot 
rotation angles. According to the displacement of all actuators, 
position control of the ankle robot can be realized. 

B. Dynamics Modelling 
Dynamics model of the robot describes the relationship 

between the expected output torque of the moving platform 
and the desired angles, velocities and accelerations. That is, to 
calculate how much torque is needed to drive the moving 
platform to reach the desired orientation. The moving platform 
of the designed ankle rehabilitation robot can be regarded as a 
3-DOF serial robotic manipulator with three joint rotation 
axes. Therefore, the dynamics of the parallel robot can be 
established using the method of serial robot. Let the X-axis 
rotation axis be axis 1, the Y-axis rotation axis be axis 2, and 
the Z-axis rotation axis be axis 3. The model of the moving 
platform is illustrated as Fig. 6. 

 
Figure 6.  Moving platform of the ankle robot 

Dynamics model of the robot is in form of:  

 ( ) ( , ) ( )  M q q C q q q G q Ĳ    

where ( )M q is the 3 3 inertia matrix of the robotic platform, 
( , )C q q  is a 3 3  matrix representing the centrifugal and 

Coriolis force of the robot platform. ( )G q  is the 3 1  gravity 
vector and Ĳ is the expected output torque of the robot. 

( )M q  can be expressed by (9): 
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iJ is the pseudo-inertia matrix of the ith axis, 
iA  is a 

homogeneous transformation matrix expressed as: 
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IV. SIMULATION RESULTS AND DISCUSSION 

Before development and integration of the robot in real 
life, MATLAB simulations were conducted to evaluate and 
verify the movement ability of the designed robot. The robot 
moving platform was controlled to track a predefined 
trajectory (sin wave trajectories with 30° amplitude in 
dorsiflexion/plantarflexion, 20° in inversion/ eversion and 25° 
in adduction/abduction, at 0.05 Hz frequency). By using 
inverse kinematics, the displacement of each PM link can be 
obtained as well as the velocity. Fig. 7 presents the simulation 
results of the robot kinematics model in terms of the desired 
rotation angles, the required PM link displacement, the 
resulted PM link change velocity and the calculated speed 
using Jacobian matrix. 

 
Figure 7.  Simulation results of the ankle robot kinematics model 

Fig. 7(a) shows the desired rotation angles of the end 
moving platform, Fig. 7(b) is the displacement variation of 
each PM actuator obtained by using the inverse kinematics 
model. The length of each PM in free state is 400mm, while in 
the initial zero positon of the robot moving platform, all the 
PMs have to be inflated to the initial length, that is, [350, 350, 
340, 340, 350]mm, Fig. 7(c) shows the change of each PM’s 
length during the robot movement. Fig. 7(d) is the speed of 
each link obtained by using the Jacobian matrix. It can be seen 

that the robot moving platform is able to cover the full RoM of 
the human ankle and the kinematics model is validated. 

The simulation results of the robot dynamics model are 
shown in Fig. 8, where Fig. 8(a) shows the desired motion 
trajectory of the moving platform. Fig. 8(b) shows the required 
output torque of the robot platform determined by the dynamic 
model. Fig. 8(c) is the gravity component of the robot model. 
It can be seen that the gravity component that robot needs to 
overcome is almost equal to the expected robot output torque, 
because in low-speed operation the inertia component, the 
centrifugal and Coriolis force component is small and almost 
negligible. To verify the dynamics model, Fig. 8(d) shows the 
pulling force of PM actuator obtained by using the Jacobian 
matrix. It can be seen that the obtained PM pulling force has a 
negative value, which means there will be a pushing force. As 
mentioned before, PM can only be contracted by inflation to 
provide pulling force, the negative force may lead to the loss 
of controllability. When integrating the robot system in real 
life, it is necessary to redistribute the pulling forces of PMs so 
that the driving force of each PM is refined greater than zero, 
ensuring the controllability and safety of the robot. 

 
Figure 8.  Simulation results of the ankle robot dynamics model 

This new version of robot is driven by five pneumatic 
muscles, connected to the moving platform by a flexible cable 
and using the pulley to change the direction of the driving 
force to achieve more movement DoFs of the ankle. From the 
simulation results, we can see that compared with the existing 
ankle rehabilitation robot driven by four pneumatic muscles 
such as [18] and [21], the robot can provide higher output 
torque and RoM for the human ankle, especially the rotation 
movement around Z-axis. As in Fig. 9, the RoM of each single 
dorsiflexion/plantarflexion, inversion/eversion and adduction/ 
abduction movement is easy to reach 35°, 25°, and 25°, with 
the PMs controlled under its contraction scope. In the case of 
four PMs-driven parallel robot, the driver is required to 
provide a horizontal pulling force when the moving platform 
rotates around the Z axis, in other words, the PM must change 
its driving force direction momentarily. In this way the 
rotational toque around Z-axis is too small to provide 
sufficient driving torque and range of motion for the ankle 
adduction/abduction movement. Moreover, when the moving 
platform rotates around the Z axis, if the drive is directly 



  

connected to the moving platform, they are easy to be twisted 
and this may easily damage the PM links. The ankle 
rehabilitation robot designed in this paper is able to 
significantly improve the horizontal driving force for the 
moving platform to rotate around Z axis. Compared with 
current ankle rehabilitation robot driven by four PMs, the 
designed robot costs a PM more, but it can provides much 
higher driving torque and range of motion in all freedoms. 
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Figure 9.  RoM of the ankle robot in three single movement 

V. CONCLUSION 
A new compliant ankle rehabilitation robot redundantly 

driven by five PMs was designed and modelled in this paper. 
By taking advantages of the PM’s driving characteristics, this 
robot is able to provide higher output torque and full RoM for 
human ankle treatment. The kinematics and dynamics models 
of the robot are developed and simulation experiments were 
performed to validate the models and verity the robot moving 
ability. Results show that the robot can help the participant to 
reach large-scale movements in dorsiflexion/plantarflexion, 
inversion/eversion and especially in adduction/abduction, in 
which the maximum robot range of motion can definitely meet 
the rehabilitation needs of most people's ankles. In the next 
stage work, the robot hardware structure will be manufactured 
and the control software will be developed to integrate the 
ankle rehabilitation robot system in the actual environment. 
Our future work will focus on control strategies of using the 
robot for ankle rehabilitation treatment. This will include 
passive training based on robot pre-defined trajectory tracking 
control in which robust learning control [24] will be used and 
the active personalized training based on adaptive impedance 
control as well as adaptation of robot compliance [25]. 
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