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Abstract. Human-robot interaction control plays a signiﬁcant role in
the research and clinical application of rehabilitation robots. A fuzzy
adaptive variable impedance control strategy is proposed in this paper.
Firstly, a dynamic model is established by using the Lagrangian method
and the traditional friction model, which can be used to predict humanrobot interaction forces. Then, a fuzzy adaptive variable impedance control strategy based on the human-robot system dynamic model is designed. In the designed control strategy, the interaction forces, position
and velocity errors are taken as the system inputs, and a fuzzy adaptive law is used to adjust the damping and stiﬀness coeﬃcients. Finally, the dynamics identiﬁcation experiments and simulation of the fuzzy
adaptive variable impedance control strategy are carried out, by which
performance of the proposed method is validated.
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Introduction

Rehabilitation treatment of patients suﬀering from stroke can be improved with
the aid of rehabilitation robots signiﬁcantly [1–5]. It is well known from the
neuron plasticity theory that, recovery of patients’ motor function and compensation and reorganization of the nervous system can be promoted through
exercise training [6]. The active training based on patients’ motion intention is
an eﬀective training strategy in the rehabilitation therapy, which can be used to
raise patients’ enthusiasm for participation in training, and improve the rehabilitation eﬀect.
⋆

This research is supported in part by the National Natural Science Foundation of
China (Grants 61720106012, 91648208), and the Beijing Municipal Natural Science
Foundation (Grant L172050, 3171001).

2

Xu Liang, Weiqun Wang, Zengguang Hou et al.

The key premise of active rehabilitation training is to accurately recognize the
human movement intention. The system dynamics and the measurement from
force sensors can be used to calculate the human-robot interaction forces, which
are an intuitive embodiment of human movement intention. The system dynamic
model can be obtained by accurate modeling and identiﬁcation methods.
In human-robot interaction systems, impedance control strategies are widely used. Mechanical impedance, including stiﬀness, damping and inertia, reﬂects the relationship between motion and force. Human joint impedance can
be continuously modulated to accommodate environment variation and maintain stable interaction either voluntarily or reﬂexively during movement. Lee
and Hogan characterized human ankle mechanical impedance in the frontal and
sagittal planes simultaneously [7]. Mendoza et al. proposed a wave-based bilateral teleoperation scheme for robot assisted rehabilitation therapies [8]. A pair of
motion-based impedance controllers are integrated into the scheme to enhance
human-robot interaction.
It is time consuming for human operators to precisely adjust the impedance
control parameters. Automatic processing adjustment program will make rehabilitation robots more economic and accessible for clinic application. Cartesian
impedance control is employed by Ficuciello to realize the robot’s end executor’s
supple behavior, in response to force imposed by human operators. In addition,
diﬀerent variable impedance control strategies have been assessed, in which the
impedance parameters are revised according to human movement intention. The
associated experimental results have shown that the variable impedance control
with an appropriate regulation strategy for parameters’ adjustment is better
than constant impedance, because it improves the patients perceived comfort
during human instruction [9]. Finite state impedance control and fuzzy logic
inference are the widely used approaches for tuning impedance parameters. Liu developed a set of dempster-shafer theory based transition rules to resolve
the uncertainty-caused challenge [10]. Huang designed a network expert system
which used fuzzy logic inference to code a specialist’s experience and technology
into program to eﬀectively adjust the impedance coeﬃcients of a powered knee
prosthesis during level-ground walking [11].
In this paper, we concentrate on modeling dynamics and design of fuzzy
adaptive impedance control strategies for patients’ active exercises on the lower
limb rehabilitation robot. A fuzzy adaptive impedance control strategy is proposed to adjust the impedance parameters based on the human-robot interaction
terms (forces, positions and speeds). Based on the system dynamic model, the
human-robot interaction forces can be estimated. Then, the obtained interaction forces and the position and speed tracking errors are used as inputs of the
fuzzy system. Finally, a fuzzy adaptive law is designed to adjust the impedance
parameters to create a compliant interface.
The rest of this paper is organized as follows. Section II gives the method that
mainly includes establishment of dynamics of the lower limb rehabilitation robot,
the parameter identiﬁcation method and the fuzzy adaptive impedance control
strategy. Dynamics identiﬁcation and validation experiments for the fuzzy adap-
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tive impedance control are performed in section III. In section IV, the methods
and experiments are summarized, and the future work is brieﬂy introduced.

2

Method

In this study, we proposed nonlinear dynamics based fuzzy adaptive impedance
control strategy for the lower limb rehabilitation robot. The experiment equipment is given in Fig. 1.

Fig. 1: Experiment platform for identiﬁcation and validation of dynamics

2.1

Dynamic Model

The lower limb rehabilitation robot can be simpliﬁed as a two degrees of freedom
linkage as shown in Fig. 2. The dynamic model can be obtained by using the
following equations.
(
)
d ∂L
∂L
−
=τ
(1)
dt ∂ θ̇
∂θ
where L represents the diﬀerence between the kinetic and potential energy of
the system.
L=K−P
(2)
where K and P represents the kinetic and potential energy respectively.
A closed loop vector relationship shown in Fig. 2 can be expressed as follows:
R1 + R2 = R3 + R4

(3)
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Fig. 2: Simpliﬁcation of the lower limb rehabilitation robot

According to the virtual work principle, the force f2 , along the direction of
R25 , can be calculated by the equation (4) as:
f2 = kτ2

(4)

√
a2 + b2 + c2 + 2ab cos (η) + 2ac cos (θ2 ) + 2bc cos (η − θ2 )
k=
bc sin (η − θ2 ) − ac sin (θ2 )

(5)

Joint friction is related to the mechanical mechanism of transmission system,
lubrication, inertia of each component, etc. It often exhibits a high degree of
nonlinearity, which poses a great challenge to the modeling of joint friction. In
this paper, the classic joint friction model is adopted, the form of which is given
by [12].
τi,f = ci,1 θ̇i + ci,2 sign(θ̇i ), i = 1, 2

(6)

where ci,1 and ci,2 represent the viscosity and coulomb friction coeﬃcient respectively. This friction model could reﬂect the commutation characteristics of
coulomb friction when joint steering is switched. After getting rid of the similar
terms and recombining the parameters, the dynamics of the lower limb rehabilitation robot is gained as follows:
Φr P r = τr

(7)

where Φr is a 2*10 regressor matrix, of which the items are composed of the joint
angular and its accelerations and velocities of lower limb rehabilitation robot.
Pr is a 10*1 vector which denotes the unknown parameters to be solved. The
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elements of Φr and Pr are deﬁned respectively by the following equation.
ϕ11 = 2θ̈1 , ϕ12 = cos (θ1 ) , ϕ13 = 2(θ̈1 +θ̈2 ),
ϕ14 = 2θ̈1 cos (θ2 ) + cos (θ2 ) θ̈2 − 2θ̇1 θ̇2 sin (θ2 )
−θ̇12 sin (θ2 ) + g cos (θ1 + θ2 )/l2 ,
ϕ15 = − cos (θ2 ) θ̇22 − 2θ̇1 θ̇2 cos (θ2 ) − 2 sin (θ2 ) θ̈1
− sin (θ2 ) θ̈22 − g sin (θ1 + θ2 )/l2 ,
ϕ16 = − sin (θ1 ) , ϕ17 =θ̇1 , ϕ18 = sign(θ̇1 ), ϕ19 = ϕ10 = 0,
ϕ21 = ϕ22 = 0 , ϕ23 = 2k(θ̈1 + θ̈2 ),
ϕ24 =k[cos (θ2 ) θ̈1 + sin (θ2 ) θ̇12 + g cos (θ1 + θ2 )/l2 ],
ϕ25 =k[cos (θ2 ) θ̇12 − sin (θ2 ) θ̈12 − g sin (θ1 + θ2 )/l2 ],
ϕ26 =ϕ27 =ϕ28 = 0, ϕ29 =k θ̇2 , ϕ20 =ksign(θ̇2 ),
and
p1 =

∫

1
2
2 ρν lν dν

+

∫

1
2
2 ρν l2 dν,

ν2
∫
ρν glν cos (θν ) dν + ρν gl2 dν,
ν∫1
∫ ν2
p3 = 21 ρν l2ν dν , p4 = ρν lν cos (θν ) dν,
ν∫2
ν2
∫
p5 = ρν lν sin (θν ) dν , p6 = ρν glν sin (θν ) dν,

p2 =

ν∫1

ν2

(8)

(9)

ν1

p7 =c1,1 , p8 =c1,2 , p9 =c2,1 , p10 =c2,2 ,
where ν1 and ν2 are the lower limb rehabilitation robot thigh and calf’s volume
respectively; ρν , lν and θν represent material density, the distance between the
related joint axis and dν, and the angle oﬀset of dν from the central line respectively, and they are connected with the position ; dν is a diﬀerential term;
p1 − p10 are the uncertain coeﬃcients to be recognized.
2.2

Fuzzy Adaptive Impedance Control

Impedance control is intended to regulate the dynamic relationship between the
patient’s active applied force and the robot’s motion trajectory deviation. The
basic idea is to permit the experimental subject to deviate from the predetermined reference path instead of forcing the subject to move on a ﬁxed path.
The degree of deviation depends on the magnitude of the moment applied by
the patient and its behavioral pattern so as to create a comfortable and natural
compliant tactile interface for the patient.
The impedance control method can be represented by the spring-dampinginertia model:
Fh = M Ẍe + B Ẋe + KXe
(10)
where K, B and M denote the rigidity, damping and inertial coeﬃcient matrices
respectively. M reﬂects the smoothness of the system response, B reﬂects the
energy consumption of the system, and K reﬂects the system’s rigidity. Xe , Ẋe
and Ẍe represent the position, velocity and acceleration deviation between the
robot’s actual and reference trajectory respectively. Fh represents the mutual
haptic force imposed on robot by patients.
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In the course of rehabilitation treatment, the robot system usually needs to
adjust the impedance parameters in real time to provide appropriate assistance
or resistance force according to the training form and the patient’s condition.
The mechanical and human body impedance are constantly changing, in order to
obtain a better rehabilitation eﬀect, dynamics based fuzzy adaptive impedance
control strategy is proposed to adjust stiﬀness and damping coeﬃcients on line
to approximate the ideal impedance parameters. Figure 3 gives the diagram of
controlling system, where X, Xd are the robot’s actual and desired location
separately. As seen in Fig. 3, the position errors and human-robot interaction
forces are taken as inputs of stiﬀness fuzzy adaptive regulators to adjust Kd (x),
and the human-robot interaction forces and velocity errors are taken as inputs
of damping fuzzy adaptive regulators to adjust Bd (x).
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Fig. 3: The diagram of fuzzy adaptive impedance control system

To represent the time-varying uncertainties of variables Bd (x) and Kd (x),
fuzzy variables B̃d (x) and K̃d (x) that reﬂect the state of the human-robot system
are used instead. B̃d (x) is constructed as follows:
(1) Deﬁne li fuzzy sets Hiki (ki = 1, 2, ...li ) for variable xi (i = 1, 2, ...n);
n
∏
(2)
li fuzzy rules is adopted to construct fuzzy system B̃d (x): if x1 is H1k1
i=1

and ... and xn is Hnkn , then B̃d is C k1 ...kn .
Where fuzzy sets Hiki is deﬁned as {NB, NS,O,PS,PB}, namely li = 5. The
fuzzy variables B̃d (x) can be obtained by using the plane inference machine, the
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single-value fuzzy and the center average deblurring.
l1
∑

B̃d (x) =

ln
∑

···

kn =1

k1 =1
l1
∑

···

k1 =1

w̄fk1 ···kn (

n
∑

i=1

ln
∑

(

n
∑

kn =1 i=1

µHiki (xi ))
(11)

µHiki (xi ))

Where µHiki (xi ) is membership function, w̄fk1 ...kn is free parameters.

3

Experiments

In this section, we designed several experiments to verify the validity of the
methodology mentioned above. The human-robot system dynamics identiﬁcation
experiments are carried out on the robot designed by our laboratory, which can
supply various active exercise pattern, so that the forces imposed on the robot
by the subject can be obtained by calculation. Then the force and velocity and
position errors will be taken as simulation inputs of fuzzy adaptive regulator to
adjust stiﬀness and damping coeﬃcients in real time. Simulation analysis and
comparative experiment show the advantages of the proposed method.
3.1

Experiment for Identification and Validation of the Dynamics

The convergence and anti-interference performance of the least squares estimation can be improved by suﬃciently exciting the system dynamic. In this paper,
a stochastic particle swarm optimization method [13] is used to gain the optimal
excitation trajectory, which is shown in Fig.4. The rehabilitation robot’s thigh
and calf’s length are given separately as follows: l1 = 420mm, l2 = 470mm, as
shown in Fig.2. The parameters of human-robot system dynamics deﬁned by (8)
is estimated by using the least square method. The results are shown in Table
1.

Table 1: The Results of Dynamics Parameters Identiﬁcation
Parameters
P1
P2
P3
P4
P5

Unit
Kg ∗ m2
Nm
Kg ∗ m2
Kg ∗ m2
Kg ∗ m2

Value
828.4950
-2984.2
1644.1
486.5616
-81.2372

Parameters
P6
P7
P8
P9
P10

Unit
Nm
Nm
Nm
Nm
Nm

Value
9380.8
-2084.3
-102.8052
-12537
-392.5691

In the veriﬁcation experiment, a trajectory diﬀerent from the optimal excitation trajectory was designed and carried out on the lower limb rehabilitation
robot under the same condition as the parameter identiﬁcation experiment. The
estimated and measured torques are given in Fig.5. From ﬁgure 5, we can see
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that the estimation errors of knee and hip joints are small , which indicates
that the dynamics of human-robot system is appropriate for torque estimation.
Therefore, the patient’s active torque imposed on robot can be calculated as
follows:
τh = τms − τer
(12)
where τh represents the active torque applied by human body, which is used
as inputs of fuzzy adaptive regulators. τms represents the measured torque from
force transducers installed on the knee and hip joint, τer represents the estimated
torque which is calculated from the human-robot system’s dynamic model.

Fig. 4: The OET for identiﬁcation of dynamics

3.2

Experiment for Validation of the Fuzzy Adaptive Impedance
Control

The proposed fuzzy adaptive impedance control strategy was test with MATLAB to perform the numerical simulations. τh , position and velocity errors were
taken as inputs of fuzzy adaptive regulators to adjust the stiﬀness and damping
coeﬃcients in real time. Sine wave was used as reference trajectory as treadmill
and gait are similar to sine waves. The proposed method is compared with traditional impedance control of ﬁxed parameters in the simulation, and the results
are given in Fig.6 and Fig.7.
From ﬁgure 6 and 7, we can see that the fuzzy adaptive impedance control
method has better compliance and ﬂexibility. When the system is subjected
to the same external force interference, the fuzzy adaptive impedance control
method can track the trajectory well without a sudden increase in velocity.
However, the position tracking of the comparison method ﬂuctuates greater, and
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Fig. 5: Results of identiﬁcation experiments of the dynamics

Fig. 6: Results of impedance control with ﬁxed parameters

the velocity also changes obviously, as shown in Fig. 6. The experiment results
indicate that the proposed method has a good control eﬀect and enhances the
compliance of human-robot interaction system.

4

Conclusion

Active rehabilitation training based on the patients’ ability is an eﬀective way to
raise their enthusiasm for participating in exercise and improve the therapeutic
eﬀect. As a result, the impedance parameters should be tuned online based on
the human-robot interactive forces and the state of motion. A fuzzy adaptive
impedance control method is proposed in this paper. The human-robot interaction forces can be obtained through the method of human-robot system dynamic
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Fig. 7: Results of fuzzy adaptive impedance control method

model identiﬁcation. Then, the interaction force, position and velocity errors are
taken as inputs of fuzzy adaptive regulators to adjust the stiﬀness and damping
coeﬃcients online.
The identiﬁcation and validation experimental results show that the established system dynamic model is suitable for estimation of human-robot interaction torque. The simulation results show that the fuzzy adaptive impedance
control method can increase the robustness and stability of the human-robot
system, and the system’s compliance is obviously better than traditional control
method. The further investigation will be carried out to reduce the estimation
error for hip joint. Meanwhile, the proposed method will be performed on lower limb rehabilitation robot and then applied to patient experiments to further
validate its eﬀectiveness in promoting recovery of patient’s motor function.
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