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restore their limb function as much as possible, so that they
can come back to normal life [2], [3].
The premise of active training is that patients’ motion
intention can be accurately estimated, and patients’ voluntary
torquess can be taken as representation of motion intention
. The torque can be calculated by using the system dynamic
model or estimated by surface EMG (sEMG) signal [4]–
[8]. Wang et al. separately modeled the leg mechanism of
iLeg, a lower limb rehabilitation robot, and human lower
limbs to calculate human active torques. Patient lower limbs
are attached to the leg mechanisms of the lower limb
rehabilitation robot developed at our laboratory, so that the
lower limbs and the leg mechanisms can be regarded as a
hybrid system. A novel friction model is designed in this
paper to improve the precision of system dynamic model ,
which takes into account the effects of joint coupling factors
and viscosity. Peng et al. proposed a simplified sEMG-driven
musculoskeletal model to simulate and predict knee joint
motion. The active rehabilitation training for knee joint was
achieved by roughly estimating muscle strength and joint
torques. There are a large number of unknown parameters
in this model, which were obtained by double-population
genetic algorithm. This method is simple and does not require complex dynamic modeling process, however, since the
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Abstract— Active rehabilitation training can improve patients’ neural engagement and the rehabilitation effects. A
position based impedance control strategy is proposed for implement of active training in this paper. Firstly, it is necessary to
accurately estimate patients’ active torques during the training
process, which can be calculated by using the human-robot
dynamic model. A novel friction model is designed, where the
influence of the joint coupling factor and viscosity is considered
to improve the model accuracy. In order to prevent sudden
changes of the interaction force, a virtual tunnel around the
reference trajectory is established to limit the motion range
to ensure patient safety in case of emergency, such as muscle
spasm. Then, a position based impedance control strategy
designed in the joint space is used to convert human torques
into the required movement. The strategy is implemented by a
double closed loop control structure, the outer loop of which
converts the interaction force into angular, angular velocity,
and angular acceleration deviations by the inverse impedance
equation. The regulated trajectory will be used as reference
for the inner position control loop. The experimental results
show that the proposed system dynamic model can be used
to accurately estimate the patients’ active torques, and the
proposed control strategy can be used to design a compliant
human-robot interaction interface, so that patients can complete
the training task comfortably and naturally, and also safety of
the training can be ensured.

978-1-5386-1311-5/19/$31.00 ©2019 IEEE

437

Authorized licensed use limited to: INSTITUTE OF AUTOMATION CAS. Downloaded on July 10,2020 at 05:40:30 UTC from IEEE Xplore. Restrictions apply.

control [11], to which the robot developed at our laboratory is
the same. What’s more, compared with the existing control
methods, both the position deviation and patients’ motion
intention can be considered in the impedance control, and
hence, patients can be guided to complete the exercise task
correctly [12]–[15].
In this paper, a position based impedance control strategy
is proposed to transform the patients’ motion intention to
limb movement. The following text is organized as follows.
In section 2, the human-robot system dynamic model is
constructed by designing a new friction model, by which
the effects of joint coupling factors and viscosity can be
considered. Meanwhile, the position based impedance control strategy is proposed to ensure the safety of patients by
introducing virtual tunnel to limit the range of motion. A
lower limb rehabilitation robot, as seen in Fig. 1, is used
to implement the experiments in section 3, based on which
feasibility of the proposed method is validated. Section 4
presents the conclusion and future works.
II. METHOD
A. Dynamic Model
Accurately estimating the moment that human actively
applies to the robot is an important issue of rehabilitation
training. Therefore, the dynamic model must be established
as precisely as possible. The lower limb rehabilitation robot,
designed at our laboratory, can be taken as a two degree of
freedom linkage, as shown in Fig. 1. The Lagrangian method
is used to build the robot’s dynamic model. In particular, the
knee joint is driven by screw, so it is necessary to convert the
pressure measured by force sensor mounted on the screw into
the torque at the knee joint by using the principle of virtual
work.
f2 · ∆l2 = τ2 · ∆θ2
(1)
The pressure f2 , along the direction of screw, can be calculated as following equations.
f2 = kτ2

(2)

Where s = a2 + b2 + c2 , τ2 and θ2 represent the torque
and angular of knee joint respectively. In order to obtain
a satisfactory human-robot system dynamics model, it is
necessary to accurately model the joint friction. However,
the joint friction is related to many factors such as the
mechanical structure of the transmission system and the
lubrication condition, and has a high degree of nonlinear
characteristics. The joint friction model needs to take into
account the effect of joint coupling factors on joint friction,
the reason of which is that the load applied to the hip bearing
is related to the joint angle of the knee joint. The joint friction
of the robot mainly comes from the deep groove roller
bearing installed at the joint position, which can be obtained
by the simplified frictional torque calculation formula of
the roller bearing. At the same time, this friction is also
related to the viscous behavior of the fluid-lubricating layer
from the contact surface, called the viscous friction, which is
proportional to the joint speed. Therefore, this paper designs
a new friction model, which comprehensively considers the
effects of joint coupling factors and viscous friction, as
following.
τf = cv + cc θ̇ + cp L
(4)
∫
∫
ρv ld θ̇1 dv (5)
ρv lv θ̇12 dv +
Lhip = W1 + W2 + 2F0 +
v1

v2

∫
ρv lv θ̇22 dv

Lknee = W2 +

(6)

v2

Where cv , cc and cp are constant, L represents the load on
the bearing, Lhip and Lhip represent the load on the hip and
knee bearings respectively, W1 and W2 represent the weight
of thigh and calf, F0 represents the pretightening force of
steel strip.
In order to facilitate dynamic identification, the dynamic
model of the human-machine system is rewritten into a linear
equation about unknown parameters by combining similar
items.
ΦP = τ
(7)
Where Φ is a 2*14 regressor matrix, P is a 14*1 unknown
parameters vector. Φ and P can be represented by the
following equations.

Fig. 1: Experiment platform
√
k=

s + 2ab cos (η) + 2ac cos (θ2 ) + 2bc cos (η − θ2 )
bc sin (η − θ2 ) − ac sin (θ2 )
(3)

ϕ1,1 = 2θ̈1 , ϕ1,2 = cos (θ1 ) , ϕ1,3 = 2(θ̈1 +θ̈2 ),
ϕ1,4 = 2θ̈1 cos (θ2 ) + cos (θ2 ) θ̈2 − 2θ̇1 θ̇2 sin (θ2 )
−θ̇12 sin (θ2 ) + g cos (θ1 + θ2 )/l2 ,
ϕ1,5 = − cos (θ2 ) θ̇22 − 2θ̇1 θ̇2 cos (θ2 ) − 2 sin (θ2 ) θ̈1
− sin (θ2 ) θ̈22 − g sin (θ1 + θ2 )/l2 ,
ϕ1,6 = − sin (θ1 ) , ϕ1,7 = θ̇1 , ϕ1,8 = sign(θ̇1 ),
ϕ1,9 = sign(θ̇1 )θ̇12 , ϕ1,10 = sign(θ̇1 )θ2 θ̇12 ,
ϕ1,11 = sign(θ̇1 )θ22 θ̇12 , ϕ1,12 = ϕ1,13 = ϕ1,14 = 0,
ϕ2,1 = ϕ2,2 = 0 , ϕ2,3 = 2k(θ̈1 + θ̈2 ),
ϕ2,4 =k[cos (θ2 ) θ̈1 + sin (θ2 ) θ̇12 + g cos (θ1 + θ2 )/l2 ],
ϕ2,5 =k[cos (θ2 ) θ̇12 − sin (θ2 ) θ̈12 − g sin (θ1 + θ2 )/l2 ],
ϕ2,6 =ϕ2,7 =ϕ2,8 =ϕ2,9 =ϕ2,10 =ϕ2,11 = 0,
ϕ2,12 =k θ̇2 , ϕ2,13 =ksign(θ̇2 ), ϕ2,14 =ksign(θ̇2 )θ̇22 ,

(8)
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∫
∫
p1 = ∫v1 12 ρν l2ν dv + v2 12 ρν l22∫dv,
p2 = ∫v1 ρν glν cos (θν ) dv∫+ v2 ρν gl2 dv,
p3 = ∫v2 12 ρν l2ν dv , p4 = v2 ρν l∫ν cos (θν ) dv,
p5 = v2 ρν lν sin (θν ) dv , p6 = v1 ρν glν sin (θν ) dv,
p7 =cc,1 ,[ p8 =cv,1 + cp,1 (W1 + W2 +
] 2F0 ),
∫
∫
p9 =cp,1 v1 ρv lv dv + v2 ρv lv (y) dv ,
(
)
∫
p10 =cp,1 ∫v2 ρv c0,1 + c1,1 lv + c2,1 lv2 dv,
p11 =cp,1 v2 ρv (c0,2 + c1,2 lv ) dv,
∫ p12 =cc,2 ,
p13 =cv,2 + cp,2 G2 , p14 =cp,2 v2 ρv lv dv.

2(rad)

and

(9)
Where y = c0,0 + c1,0 lv + c2,0 lv2 + c3,0 lv3 , v1 and v2 are
the thigh and calf’s volume of lower limb rehabilitation robot
respectively.
B. Position Based Impedance Control Strategy
Human active torques can be taken as the representation
of motion intention. In active rehabilitation training, it is
necessary to convert the active torques of patients into the
corresponding movement. The method of impedance control
can be used to regulate the interaction force between the
human legs and the leg mechanisms. It adjusts the reference
motion trajectory according to the active torques applied by
the human body, the mount of which is generated by the
following equation.
τh = M ë + B ė + Ke

θ1(rad)

Fig. 2: Virtual pipe around the reference trajectory

the reference trajectory. By this way, the purpose of regulating the interaction force between the human body lower
limb and the robot can be achieved. The adjusted trajectory
is used as the reference for the inner position control loop.
As seen from Fig. 3, in order to protect the patients’ safety,
e, the angular deviation, needs to be limited to ec , which is
called threshold.
q ,q ,q
xr , xr , xr

(10)

Where M denotes inertia, which reflects the smoothness
of system response. B denotes damping, which reflects
the system’s energy consumption. K denotes the rigidity,
which reflects the system’s stiffness. e is error signal, which
represents the joint angular deviation between the robot’s
current position and reference trajectory. τh denotes the
interaction force between patients and robot. Therefore, the
impedance control strategy can realize the active compliance
of the rehabilitation training, making the training process
safer, more comfortable and natural.
In order to prevent the sudden change of interaction force,
a virtual pipe is established around the reference trajectory
to limit the range of the patient’s motion, as shown in Fig.
2. Where ec represents the radius of the pipe, which is a
constant. The green line represents the reference trajectory
and the red line represents the pipe wall. If the current
position is inside the pipe, then it remains unchanged,
otherwise it will be set on the pipe wall. At this time, even in
the event of emergency, for example, abnormal activities of
human lower limb muscles such as spasm and trembling, the
safety of patients can still be ensured during rehabilitation
training.
The position based impedance control method is employed
in the joint space, which is implemented by a double closed
loop control structure, as shown in the Fig. 3. The outer
loop of the control system converts the interactive force into
angular, angular velocity, and angular acceleration deviation
by the inverse impedance equation, which is used to adjust
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Fig. 3: Position based impedance control strategy block
diagram

III. EXPERIMENTS AND RESULTS
A. Identification and Validation of Human-Robot System
Dynamic Model
In order to acquire the active torques applied by the
human body, it is firstly necessary to identify the unknown
parameters in the dynamic model of the human-robot system.
The unknown parameters can be identified by equation 7
through using the least square method. Fully stimulating
the dynamics of the human-robot system can improve the
stability, convergence speed and anti-interference of the least
square estimation. The excitation trajectory can be obtained
by a particle swarm optimization algorithm, and then the
robot performs this trajectory, during which the subject
passively follows the leg mechanisms without applying any
torque. The parameter identification results are shown in
Table 1. In order to verify the validity of the established
dynamic model and the identification parameters, a trajectory
different from the excitation trajectory was executed under
the same conditions as the above experimentation. The root
mean square errors of the hip and knee joints between torques
estimation and measurement are 0.7039N m and 0.3249N
respectively, which statistically indicates that the established
dynamic model and the identified parameters are effective.
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Fig. 4: Estimation of human lower limb motion intention based on human-robot system dynamic model
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Fig. 5: Results for position based impedance control experiment
TABLE I: The Result of System Parameter Identification
Para
p1
p2
p3
p4
p5
p6
p7

Unit
kg ∗ m2
Nm
kg ∗ m2
kg ∗ m2
kg ∗ m2
Nm
kg ∗ m2 /s

Value
12.3898
-178.2767
1.7962
-1.9665
1.1866
114.0999
-120.4211

Para
p8
p9
p10
p11
p12
p13
p14

Unit
Nm
kg ∗ m2
kg ∗ m2
kg ∗ m2
kg ∗ m2 /s
Nm
kg ∗ m2

Value
-0.2439
754.1770
4772.523
2469.999
46.7290
0.0847
110.0958

B. Estimation of Human-Robot Interaction Force Based on
the Dynamic Model
Cycling training is one of the most common training methods in rehabilitation training for lower limb rehabilitation

robots. In this section, the circle trajectory is selected as
the training trajectory. When the robot performs the circle
trajectory, the lower limb of the human is bound to the
leg mechanism and remains in a resting state. At the same
time, a vertical upward force is applied to the end of the
leg mechanism by a spring dynamometer. The forces can be
calculated by the human-robot system dynamic model and
measurement from joint force sensors, as shown in Fig. 4.
Where, the blue line represents the force sensor measurement, the red line represents the estimated mechanism force,
the green line represents the human-robot interaction force,
τeh and Fek represent the estimated interaction forces at hip
and knee joint respectively. It can be seen from Fig. 4 that
the active torques applied to the robot by human body can
be accurately estimated by the method based on the human-
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robot system dynamic model.
C. Experiment for Position Based Impedance Control Strategy
In this section, the circle trajectory is also used as the validation trajectory, around which the virtual pipe is established
to limit the patient’s motion range to ensure its safety. The
results are given in Fig. 5, where the blue line indicates the
reference training trajectory, the red line indicates the actual
motion trajectory, and the green line indicates the torques
applied by the human leg. It can be seen that, by using
the impedance control, the position offset can be regulated
according to the human-robot interaction force, and hence,
the confrontation between the human lower limbs and the
leg mechanisms can be avoided.
Meanwhile, the safety can be ensured by the virtual pipe.
For example, in the period labeled ’A’ in Fig. 5, when the
hip joint tries to move to the edge of virtual pipe, the robot
will pull it back into the pipe to prevent it from moving
outside to protect the patient. While, for the knee joint, it is
still inside the virtual pipe, so that the robot still follows the
torques of knee joint for smooth movement.
IV. CONCLUSIONS AND FUTURE WORK
A position based impedance control strategy is proposed,
which can be used to transform the patient’s motion intention
to actual movement. The interaction force between the lower
limb of human body and leg mechanism of robot is an
intuitive embodiment of the patient’s motion intention, which
can be calculated by the dynamic model identification and
measurement from torque sensors installed at the corresponding joints. In order to make the system dynamic model
more precise, a novel joint friction model is designed, in
which the effects of joint coupling factors and viscosity
are considered. The experiments show that the patient’s
torques applied on the robot can be accurately estimated
by the established system dynamic model. What’s more,
a human-robot interaction interface with active compliance
is established by the proposed control strategy, so that the
movement of the robot can be adapted according to the
torques generated by the patient, which ensures that the
patients can complete active training tasks in a comfortable
and natural mode. Even in emergencies, such as muscle
spasms, the proposed strategy can ensure the safety of the
patients during the training process because the virtual tunnel
is used to limit the size of the deviation range. Clinical trials
are to be carried out in future to verify rehabilitation effects
of the proposed method.
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