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Abstract. Aiming at the control requirement of simultaneous position and force of the
ankle rehabilitation robot, a prototype of the 3-PRS ankle rehabilitation robot and its
force/position control strategy are proposed based on impedance control. The structural
design and kinematics analysis of the 3-PRS ankle rehabilitation robot are carried out.
The proposed force/position control strategy combines organically position control and
impedance control. The design process of the impedance controller and its parameter
is presented. The proposed control strategy is veriﬁed by simulation experiments. The
inﬂuence of diﬀerent impedance values on the whole impedance control system is studied
based on the simulation results. Finally a force/position control strategy with real-time
weight setting is further proposed, which makes the 3-PRS ankle rehabilitation robot
achieve more reasonable control eﬀect in the process of ﬂexibility control.
Keywords: Ankle rehabilitation robot, Kinematics, Force/Position control, Position
control, Impedance control

1. Introduction. The ankle is one of the most complex joints in human skeleton, which
plays an important role in maintaining human body equilibrium. The ankle is similar
to a spherical joint with three rotational degrees-of-freedom (DOFs). Two of the three
rotational DOFs, namely plantar ﬂexion/dorsiﬂexion and varus/eversion movement respectively, are most commonly used in daily life. In the United States, 330,000 people
suﬀer ankle injuries each year [1], and studies show ankle injuries are common in sports
like soccer, basketball and handball, accounting for 15 to 35 percent of all injuries. The
lateral ligaments of the ankle are prone to sprain, while the other ligaments are less
likely to be injured. About a third of athletes have the higher recurrence rate, residual
symptoms and reduced function after ankle sprain. At present, most of the rehabilitation
training for the ankle is designated by professional therapists. With the increasing number of patients, the number of therapists is insuﬃcient. Their working intensity is high,
and it is impossible to accurately grasp the rehabilitation information of patients. The
artiﬁcial intelligence and robot technology is a great way to help patient train and recover
[2]. The emergence of the ankle rehabilitation robot is urgently expected to solve these
problems. Recently, the newly developed medical rehabilitation robot was introduced in
[3,4], which includes many applications in diﬀerent environments, such as the gait training
system [5], the upper limb rehabilitation system and the active orthotics mechanism [6].
In the special application environment of lower limb rehabilitation, an ankle movement
robot has been developed which can be applied to both nerve rehabilitation and sprain
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rehabilitation [7]. The ankle rehabilitation robot needs to adapt to diﬀerent kinds of rehabilitation exercises to meet the needs of diﬀerent occasions [8]. In order to reproduce
the special action of ankle rehabilitation, the robot needs to be controlled very precisely.
That is, both pose control and force control are taken into account. These characteristics
make parallel mechanism more advantageous than other solutions.
The rehabilitation robot needs to be constantly modiﬁed and optimized so as to better
meet the needs of patients. The early ankle rehabilitation robot proposed was Rutgers
Ankle [9]. The device is a 6-DOFs parallel mechanism, comprising a moving platform, a
ﬁxing base and a plurality of open kinematic chains ﬁxed to the base. The rehabilitation
platform with 6-DOFs allows the ankle moving in any range. Not all ankle rehabilitation
robots have 6-DOFs, so 3-DOFs and 4-DOFs parallel mechanisms are proposed [10].
Because the maximum range of motion of the ankle varies from person to person, an
adjustable device was proposed for each patient [11].
The mechanism of the rehabilitation robot should have reasonable layout and design to
make the structure more practical. H. Shan designed a wearable ankle rehabilitation robot
[12], which was designed as a tandem mechanism and could realize the 2-DOFs movement
of plantar ﬂexion/dorsiﬂexion and varus/eversion. The elastic elements were equipped in
the wearable ankle rehabilitation robot to ensure the ankles ﬂexibility. X. D. Zhang
proposed an RRR-PaRPS-RHJ parallel mechanism with motion solution characteristics
as the body of the rehabilitation robot [13], and carried out isotropic analysis and control
system design. Y. Q. Han developed a 3-RUPUR/RU ankle rehabilitation robot [14].
The 3-RUPUR/RU mechanism replaces the spherical pair with compound hinges which
consist of R pair and U pair to improve the range and ﬂexibility of the moving platform.
S. M. Yin proposed a Stewart platform ankle rehabilitation robot [15], which could realize
ankle rehabilitation training in any space (3-DOFs). I. Birlescu et al. proposed a spherical
robot with parallel mechanism and veriﬁed that the robot structure satisﬁed the motion
of rehabilitation training through singularity analysis [16].
Currently, most rehabilitation robots can only perform plantar ﬂexion/dorsiﬂexion rehabilitation training. In order to have a better mechanical structure and more obvious
control eﬀect, it is very important to develop a rehabilitation robot that can achieve both
plantar ﬂexion/dorsiﬂexion and varus/eversion. A 3-PRS ankle rehabilitation robot with
stable structure is designed, and its kinematics is analyzed. A force/position control strategy is proposed and designed based on position control and impedance control. The
simulation experiments are carried out to verify the proposed control strategy. A realtime weight setting control strategy is further proposed. The results show that a good
control strategy can make the controller respond fast and the control eﬀect obvious. The
study lays a solid foundation for the force/position control strategy of the rehabilitation
robot. Therefore, the paper proposes a 3-PRS ankle rehabilitation robot that can achieve
plantar ﬂexion/dorsiﬂexion and varus/eversion movements and its force/position control
strategy.
The paper is organized as follows. Section 2 proposes a 3-PRS ankle rehabilitation
robot, and the model establishment and the kinematics analysis lay the foundation for the
study of the control strategy. The force/position control strategy is proposed in Section
3. In Section 4, an impedance control strategy based on position control is proposed. In
Section 5, the proposed control strategy is veriﬁed, and an impedance control strategy
with real-time weight is further proposed. Finally the paper is summarized in Section 6.
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2. 3-PRS Ankle Rehabilitation Robot.
2.1. Structure design. By analyzing the maximum motion range [17], approximate inertia parameter [15] and torque required for rotation of the ankle [18,19], some key indexes
of the ankle rehabilitation robot are summarized, as shown in Table 1. The robot should
satisfy several key requirements as follows. 1) The column height of the robot should
be applicable for people as more as possible of diﬀerent heights without any interference
or injury to the human body; 2) the 3-PRS ankle rehabilitation robot can achieve the
major movements of plantar ﬂexion/dorsiﬂexion and varus/eversion simultaneously; and
3) during the operation of the 3-PRS ankle rehabilitation robot, the movement range of
the ankle will not be too large through the force protection function, so as to avoid the
secondary injury.
Table 1. Design requirements of the 3-PRS ankle rehabilitation robot
Indexes

Requirements
Varus/Eversion ≤ 20◦
Joint motion range
Plantar ﬂexion/Dorsiﬂexion ≤ 20◦
Dorsiﬂexion ≥ 15 Nm, Plantar ﬂexion ≥ 7 Nm
Maximum moment range
Varus ≥ 5 Nm, Eversion ≥ 4.5 Nm
Upper hinge radius r ≤ 20 cm
Structure size
Lower hinge radius R ≤ 25 cm
Column height h ≤ 40 cm
(1) Adapt to patients of diﬀerent heights,
Design requirement
(2) Achieve major rehabilitation exercises,
(3) Provide force protection function.
The 3-PRS (P stands for the prismatic pair, R stands for the rotating pair, and S
stands for the spherical pair) parallel mechanism is proposed as the basic structure of
the ankle rehabilitation robot [20]. A 3-PRS ankle rehabilitation robot is proposed. The
corresponding structure diagram and three-dimensional (3D) model diagram are shown
in Figure 1. M1 Q1 N1 , M2 Q2 N2 and M3 Q3 N3 are three PRS branch chains, each of which
contains a moving pair, a rotating pair and a spherical pair. M1 , M2 and M3 are the three
vertices on the ﬁxing platform of the mechanism base, and the radius of the circumscribed
circle is R; N1 , N2 and N3 are the three vertices of the moving platform, and the radius
of the circumscribed circle is r; Q1 N1 , Q2 N2 and Q3 N3 are three connecting rods with the
lengths of L1 , L2 and L3 respectively; M1 Q1 , M2 Q2 and M3 Q3 are the distances of the
three sliders from the vertices to the ﬁxing platform, and they are labeled as H1 , H2 and
H3 respectively. The angle between Mi Qi and Qi Ni is labeled as θi (i = 1, 2, 3).
2.2. Kinematics analysis. A coordinate system O1 -xyz is set as G at the center of the
ﬁxing platform, and a coordinate system O2 -xyz is set as D at the center of the moving
platform. The coordinate system D moves with the moving platform. The attitude
angles of the moving platform are expressed as α, β and γ respectively. The attitude of
the moving platform is described according to the 321-rotation order of the RPY Angle.
That is to say, the moving platform ﬁrst rotates γ around the z axis of the ﬁxing coordinate
system G, then rotates β around the y axis, and ﬁnally rotates α around the x axis. The
position parameters of the moving platform are the coordinates of D relative to G on
the x, y and z axes, which are recorded as xt , yt and zt . Therefore, the homogeneous
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(a) Structure sketch

(b) 3D model

Figure 1. Structural sketch and 3D model drawing
transformation matrix of D relative to G can be expressed as


cβcγ
−cβsγ
sβ
xt
 cαsγ − sαsβcγ cαcγ − sαsβsγ −sαcβ yt 

T=
 sαsγ − cαsβcγ sαcγ + cαsβsγ cαcβ zt 
0
0
0
1

(1)

where sα, sβ, sγ, cα, cβ and cγ are sin α, sin β, sin γ, cos α, cos β and cos γ respectively.
According to geometric conﬁguration, through complex derivation. xt , yt and r can be
obtained as

r
R


x
=
(cβcγ
+
sαsβsγ
−
cαcγ)
+
t


2
2
yt = −r(sαsβcγ + cαsγ)
(2)

sαsβ


 r = f (α, β) = − arctan
cα + cβ
The moving platform of the 3-PRS ankle rehabilitation robot has three position parameters xt , yt and zt and three pose parameters α, β and γ. According to Equations
(1) and (2), only α, β and zt are determined, and the remaining three parameters of the
mechanism will be obtained uniquely.
The main structure design and kinematics analysis of the 3-PRS ankle rehabilitation
robot lay the foundation for the design of the following control strategy. According to the
mechanism characteristics and parameters of the 3-PRS ankle rehabilitation robot, the
corresponding control strategy that conforms to the robot is developed.
3. Force/Position Control Strategy. The impedance control strategy [21-23] is a uniﬁed eﬃcient control scheme for handling mechanical interaction tasks. The advantage of
impedance control strategy is to provide an eﬀective method for controlling the moving
platform position and contact force simultaneously, improving the operational performance of the robot and ensuring the safety of human-machine exchange. Therefore,
the impedance control strategy is proposed for force/position control strategy of the 3PRS ankle rehabilitation robot. The ankle rehabilitation robot utilizes a position-based
impedance controller. The impedance controller includes a position inner loop and an
impedance control outer loop, as shown in Figure 2.
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Figure 2. Force/Position controller
3.1. Position controller. Although the traditional PID control strategy can meet the
control requirements, the control requirements of the 3-PRS ankle rehabilitation robot
are relatively high, so an adaptive fuzzy PID control strategy based on genetic algorithm
is proposed. The adaptive fuzzy PID controller based on genetic algorithm has the characteristics of fast response, strong tracking ability, high control accuracy and good ﬂexibility.
Since the impedance control strategy is based on position control strategy, the impedance
control strategy has the advantages over the adaptive fuzzy PID control strategy.
According to the requirements of the 3-PRS ankle rehabilitation robot, a fuzzy adaptive
PID controller is established as the position controller, which is shown in Figure 3.

Figure 3. Principle diagram of fuzzy adaptive PID controller
A pure fuzzy controller is operated by using the system deviation (e) and the deviation
rate (ec ) as inputs, but it has non-zero steady-state error. The fuzzy adaptive control
strategy is to combine fuzzy control technology with PID control technology to overcome
disadvantages [24]. The fuzzy adaptive controller is established based on the fuzzy control
strategy.
The fuzzy adaptive PID controller takes the proportional gain (kp ), integral gain (ki )
and diﬀerential gain (kd ) as the initial values. The fuzzy controller consists of knowledge
base, fuzzy interface, fuzzy inference, and deblurring module. Then, fuzzy reasoning is
carried out for the selected three parameters through the database in the knowledge base
and the rule base, which not only enhances the PID control eﬀect, but also has a strong
adaptability to oﬀset the change of the external environment.
3.2. Force/Position controller. The force/position using impedance control strategy
is proposed for the 3-PRS ankle rehabilitation robot. The advantage of impedance control
is that it provides an eﬀective way to control the position and contact force of the moving
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platform simultaneously with rehabilitation safety. The impedance control strategy can
be represented by a mass-spring-damper system. In the time domain, the impedance can
be expressed as
Md (ẍd − ẍ) + Bd (ẋd − ẋ) + Kd (xd − x) = ef
(3)
where, Md is the inertia, Bd is the required damping, Kd is the stiﬀness matrix, x is the
actual position of the end eﬀector, xd is the desired trajectory of the end eﬀector in space
coordinates and all of these are speciﬁed by the designer. The expected contact force is
set to Fd , the actual contact force is set to Fe and the contact force error can be expressed
as
e f = Fd − Fe
(4)
The contact force between humans and robots can be expressed as
Fe = Kc (x − xe )

(5)

where xe is the location of the patient, and Kc is the contact stiﬀness.
The actual position of the rehabilitation robot can be expressed as
x = xe + Fe /Kc

(6)

Equation (5) and Equation (6) can be expressed as
Md ëf + Bd ėf + (Kd + Kc ) ef = Md F̈d + Bd Ḟd + Kd Fd − Kd Kc (xd − xe )

(7)

Fd is a constant set by the designer based on the actual rehabilitation of the patient,
so the values of Ḟd and F̈d are zero. Therefore, the human-machine contact force error
can be solved as
(
)
Fd Kd − Kd Kc xd + Kd Kc xe
Fd
ef =
= Keq
+ xe − xd
(8)
Kd + Kc
Kc
where Keq is the equivalent stiﬀness of the environmental stiﬀness and target stiﬀness.
According to Equations (8), when the desired trajectory xd of the terminal for the
rehabilitation robot is equal to xe + Fd /Kc , the contact force error will become zero. Only
an estimate value can be obtained for the position and environmental stiﬀness of the
injured ankle. To track Fd , it is necessary to accurately obtain the position of the moving
platform and the stiﬀness of the environment. Due to the hysteresis of the sensor and the
external disturbance, it is assumed that the error between the estimated value and the
actual injured ankle position and environmental stiﬀness can be expressed as
{
∆xe = xe − x̂e
(9)
∆xc = xc − x̂c
where x̂e is the estimated position of the injured ankle and x̂c is the estimate of stiﬀness.
When using the desired trajectory deﬁned by xd = x̂e + Fd /x̂, the contact force error
can be expressed as
(
)
(
)
∆xc
∆Kc Fd
Kd
Kc ∆xe −
Fd = Ke ∆xc −
ef =
(10)
Kd + Kc
x̂c
Kc K̂c
Due to the large environmental rigidity, the contact force error can be simpliﬁed as
ef = Keq ∆xe

(11)

Since the equivalent stiﬀness is large, even if the position estimation error is small, a
large error is generated. In order to avoid errors, it is necessary to improve the system
robustness.
Impedance refers to the dynamic relationship between the motion variables and contact
force of the mechanical actuator. The purpose of impedance principle is to control the

FORCE/POSITION CONTROL STRATEGY OF 3-PRS ANKLE REHABILITATION ROBOT

487

dynamic relationship according to the need to meet the requirements of speciﬁc operational tasks. According to impedance principle, the dynamic relationship between motion
and contact force (namely impedance control strategy) can be adjusted to realize the
simultaneous adjustment of motion and contact force.
4. Impedance Control Strategy.
4.1. Impedance controller. The control strategy of impedance controller can be divided into force-based impedance control strategy and position-based impedance control
strategy [25]. The position-based impedance control strategy avoids explicit expression
and calculation of complex dynamic formulations and saves time and cost. A positionbased impedance control strategy is proposed to control the position and force simultaneously. The essence of impedance control strategy is to calculate the robot pose correction
amount ∆x(s) through the impedance controller in the outer loop of the whole control
system. Through the position inner loop, real-time tracking and correction of the robot pose can be achieved, simultaneously, and the human-machine contact force can be
controlled within a reasonable expected range.
Equation (3) is subjected to Laplace transform, which can be expressed as
ef (s)
(12)
Md + Bd s + Kd
where ∆x(s) is the pose correction amount of the impedance controller output.
The force and torque signal collected by the 6D force sensor is converted into the pose
correction amount ∆x of the rehabilitation robot through Equation (12); the inverse
kinematics module is used to calculate the displacement change of the three sliders, and
the desired trajectory is changed to achieve the ﬁnal compliance control eﬀect.
∆x(s) = (xd − x) (s) =

s2

4.2. Impedance parameters. By selecting proper impedance parameters [26,27], the
control eﬀect of the impedance controller can be greatly improved. The steady-state
eﬀect and dynamic response of the system need to be considered in determination of the
impedance parameters. As the target inertia coeﬃcient, Md has an eﬀect on the object
moving at high speed; the damping parameter Bd measures the energy consumption
rate of the system, which is proportional to the energy transfer speed; and the stiﬀness
parameter Kd is proportional to the hardness of the external physical environment.
The impedance controller satisﬁes the second-order equation of the spring damping
model, which can be expressed as
s2 + 2ξωn s + ωn2 = 0

(13)

where, ξ is the parameter damping ratio of the impedance control equation, ωn is the
natural frequency and they can be expressed as

 ξ = √ Bd
(14)
2√Md Kd

ωn = Kd /Md
When the accuracy of the position control is suﬃcient, Equation (15) must be satisﬁed
to ensure the stability of the controller.
{
(√
)
ξ ≥ 0.5 1 + α − 1
(15)
α = Ke /Kd
where Ke is the muscle stiﬀness of the human body.
The compliance control function of the 3-PRS ankle rehabilitation robot is realized
by adjusting the target parameters Md , Bd and Kd of the impedance controller. The
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method of ﬁxing two of the three impedance parameters and adjusting the remaining one
is adopted. The control eﬀect of the impedance parameters on 3-PRS ankle rehabilitation
robot is studied through simulation experiment.
5. Experimental Verification. A co-simulation platform is established to analyze the
3-PRS ankle rehabilitation robot. The virtual mechanical system is modeled by ADAMS,
the 3D model is established by SOLIDWORKS, and relevant calculation is carried out by
MATLAB.
5.1. Influence of parameters on control performance. By adjusting the target parameters Md , Bd and Kd of the impedance controller, the following simulation results are
obtained.
1) Inﬂuence of damping coeﬃcient Bd
The inertia parameter and rigidity parameter are analyzed after experimenting many
times. The inertia parameter Md = 5 and the rigidity parameter Kd = 500 are set. The
damping parameters are evaluated in meaningful intervals and the values of the damping
parameter Bd are 0.5, 5, 10, 20 and 50 respectively. The response curves of the step signal
are shown in Figure 4.

(a) Pose tracking

(b) Human-machine force tracking

Figure 4. Impedance controller performance with diﬀerent Bd value
As can be observed from Figure 4, with the increase of damping parameters, the overshoot of the system decreases, and the oscillation weakens and the tracking eﬀect becomes
more stable. However, the response speed decreases. Therefore, in order to ensure the response speed of the system and make the system relatively stable, the damping parameter
should choose a moderate value in the parameter range with small oscillation. Finally, 5
is set as the optimal damping parameter.
2) Inﬂuence of stiﬀness coeﬃcient Kd
The inertia parameter and damping parameter are analyzed after experimenting many
times. The inertia parameter Md = 5 and the damping parameter Bd = 5 are set. The
stiﬀness parameters are evaluated in meaningful intervals and the values of the stiﬀness
parameter Kd are 50, 100, 300, 500 and 1000 respectively. The response curves of the
step signal are shown in Figure 5.
With the increase of stiﬀness parameters, the controller step response speed becomes
faster and the response time becomes shorter. However, with the increase of overshoot,
the controller stability time becomes also longer. The stiﬀness parameters should be
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(b) Human-machine force tracking

Figure 5. Impedance controller performance with diﬀerent Kd value

(a) Pose tracking

(b) Human-machine force tracking

Figure 6. Impedance controller performance with diﬀerent Md value

selected to speed up the controller response quickly to achieve the adjustment of humanmachine contact force. Therefore, in order to ensure a faster response speed and the
system stability time should not be too long, ﬁnally 500 is set as the optimal stiﬀness
parameter.
3) Inﬂuence of inertia coeﬃcient Md
The damping parameter and rigidity parameter are analyzed after experimenting many
times. The damping parameter Bd = 5 and the rigidity parameter Kd = 5 are set.
The inertia parameters are evaluated in meaningful intervals and the value of the inertia
parameter Md are 5, 20, 50, 100 and 200 respectively. The response curves of the step
signal are shown in Figure 6.
With the increase of Md , the overshoot increases, the response speed of the controller
step slows down, and the stability time of the controller shows a trend of decreasing ﬁrst
and then increasing. Therefore, in order to ensure a faster response speed and the system
stability time should not be too long. The inertia parameter Md should not be large,
ﬁnally 5 is set as the optimal inertia parameter.
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In conclusion, the impedance parameter plays a key role in the control eﬀect, and the
appropriate parameter can play the best control eﬀect. After many simulation experiments, the optimal values of impedance parameters are determined: Md = 5, Bd = 5,
Kd = 500.
5.2. Real-time weight setting force/position control strategy. When the 3-PRS
ankle rehabilitation robot performs position-based passive impedance control strategy and
the impedance parameters are well determined, the execution order of position control and
impedance control cannot be determined according to the actual contact force. Therefore,
a force/position control strategy with real-time weight setting is proposed, which can
adjust the parameter of the impedance controller and position controller in real time
according to the human-machine contact force, thus improving the ﬂexibility of the robot.
The weight of the pose correction mount ∆x output by the impedance controller is set
to p1 , and the weight of the desired trajectory signal xd is set to p2 . The product of ∆x
and p1 is the actual output value of the impedance controller, and the product of xd and
p2 is the actual output value of the desired trajectory. The equation for the input value
of the position controller can be expressed as
xr = p1 · ∆x + p2 · xd

(16)

By selecting appropriate rules to adjust the weight value, the real-time impedance
control strategy can be adjusted to solve the coordination problem between ﬂexibility
and pose tracking. Gaussian function is a good choice, which can be expressed as
−(x−µ)2
1
f (x) = √
(17)
e 2σ2
2πσ
where, µ is the mean value, σ is the standard deviation and the rate of weight change can
be changed by adjusting σ.
In Equation (17), µ is equal to zero, and s is equal to |Fd | − |Fe |. s is taken as the
independent variable of Gaussian function, and the improved Gaussian function can be
expressed as
−s2
1
f (s) = √
(18)
e 2σ2
2πσ
Therefore, two subsection functions can be constructed as
{

f (s) s ≥ 0


 p1 = 1
s<0
{
(19)

1
s>0

 p2 =
f (s) s ≤ 0


−s2
 √1

2σ 2

s≥0
e


p
(s)
=
1
σ
2π


 1

s<0

(20)


1
s
>
0



−s2
1

p (s) =

2σ 2
√
 2
e
s≤0

σ 2π
Therefore, the input of position controller can be expressed as
1
(Fd − Fe ) + p2 (s) · xd
(21)
xr = p1 · ∆x + p2 · xd = p1 (s) ·
2
M d s + B d s + Kd
1) When s = |Fd | − |Fe | >> 0, the actual human-machine contact force is far less than
the expected contact force, and the weight p1 (s) → 0 and the weight p2 (s) → 1. Then,
then
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xr → xd can be obtained from Equation (21), the impedance control weight is 0, and the
position control weight is 1.
2) When s = |Fd | − |Fe | << 0, the actual human-machine contact force is much larger
than the expected contact force, and the weight p1 (s) ≈ 1 and the weight p2 (s) ≈ 0. Then,
xr → (Fd − Fe ) / (Md s2 + Bd s + Kd ) can be obtained from Equation (21), the impedance
control weight is 1, and the position control weight is 0. At this time, the system can
respond to some excessive contact forces more quickly.
3) When s = |Fd | − |Fe | ≈ 0, the actual human-machine contact force is close to the
expected contact force, and the weight p1 (s) → 0 and the weight p2 (s) → 1. Then, xr ≈
(Fd − Fe ) / (Md s2 + Bd s + Kd ) + xd can be obtained from Equation (21), the impedance
control weight and position control weight are neither 1 nor 0, and the control eﬀect of
both exists simultaneously.
4) If σ is too small, the control system will be unstable. If σ is too large, the pose
tracking eﬀect will be reduced.
The standard deviation of Gauss function is set as σ = 0.025, the inertia parameter
Md = 10, the damping parameter Bd = 100 and the stiﬀness parameter Kd = 500 in the
impedance controller. The ankle plantar ﬂexion/dorsiﬂexion movement signal is input
into the system, and the expected contact force in the system is set to 2500 N, 1800 N
and 1500 N respectively. The co-simulation platform is used to simulate experiment of
the control of the 3-PRS ankle rehabilitation robot, and the control eﬀect is shown in
Figure 7.


 rx = 0π
ry =
sin(πt)
12


zt = 0
According to Figure 7, when the human-machine contact force is obviously less than
|Td |, the pose accuracy is very high; when the man-machine force is close to |Td |, the pose
accuracy is lower, but it also ensures that the human-machine contact force is smaller than
the human-machine contact force for position control alone; when the human-machine
contact force is obviously greater than |Td |, the pose accuracy is lower, and the humanmachine contact force is basically limited to the desired torque, which eﬀectively restrains
the overshoot force and ensures the safety in the rehabilitation process.
To sum up, the 3-PRS ankle rehabilitation robot can make a good tradeoﬀ between the
pose accuracy and the human-machine contact force when using real-time weight setting
control. When the human-machine contact force is small, the accuracy of ankle rehabilitation trajectory can be guaranteed; when the human-machine contact force increases,
the ﬂexibility can be guaranteed.
6. Conclusions. A 3-PRS ankle rehabilitation robot is designed and a force/position
control strategy is proposed and analyzed. First, in order to make the 3-PRS ankle
rehabilitation robot more stable, a structure with connecting rod under the rehabilitation
platform is designed according to various parameters. Second, the force/position control
strategy is proposed for the 3-PRS ankle rehabilitation robot. The inﬂuences of the
damping parameter, stiﬀness coeﬃcient and inertia coeﬃcient on impedance controller
are studied by experiment and the optimal parameter value is obtained. Finally, the
proposed control strategy is veriﬁed by simulation experiment, and a force/position control
strategy with real-time weight setting is further proposed, which makes the 3-PRS ankle
rehabilitation robot achieve more reasonable control eﬀect in the process of ﬂexibility
control. The control strategy that can automatically match the rehabilitation training
program according to the degree of injury will be developed in the future.
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(a) Pose tracking eﬀect of 2500 N

(b) Contact force control eﬀect of 2500 N

(c) Pose tracking eﬀect of 1800 N

(d) Contact force control eﬀect of 1800 N

(e) Pose tracking eﬀect of 1500 N

(f) Contact force control eﬀect of 1500 N

Figure 7. Eﬀect on the force/position control with real-time weight setting
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