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Abstract. In recent years, Control Strategies for lower limb rehabilita-
tion robots has attracted more and more attention. To address the abnor-
mal mutant force in training, a rehabilitation robot admittance control
strategy with a force observation threshold was designed in this paper.
We developed a admittance controller and analyzed its stability from the
perspective of discrete system. Activation of the admittance control was
achieved by added a force observation threshold to respond to excessive
mutant force. We constructed a pedal rehabilitation robot simulation
platform by integrating MATLAB/Simulink and SolidWorks. The sim-
ulation results demonstrate that our method is effective in achieving
training compliance and security.

Keywords: Lower limb rehabilitation robot - Admittance control - Com-
pliance.

1 Introduction

Many people suffer from physical impairment caused by neurological injuries
and diseases. Stroke is one of the leading causes of lower limb disability [1]. Re-
habilitation training is physically demanding, and the number of rehabilitation
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physicians is low [2]. Thus, the lower limb rehabilitation robot has become a hot
topic in robotic fields.

There are basically two types of training strategies: active and passive. The
active strategy considers the patient’s motor intention and is suitable for patients
with some motor ability in the middle and late stages of rehabilitation.The
passive strategy is mainly used in the early stages of rehabilitation training and
trains patients with weak muscles to follow a specific trajectory provided by the
physician [3]. The patient’s training is accompanied by abnormal mutant forces
from time to time. The lack of compliance usually harms the patient’s mindset
and the effectiveness of the rehabilitation training, even results in secondary
injuries [4].

To achieve the compliance in training, control strategies such as impedance
control and admittance control play a key role in the design of controllers [5].
Both of which essentially dynamically regulate the force-position relationship
between the robot end and the patient.

Stefano et al. developed a hierarchical control architecture for an upper-
limb exoskeleton based on impedance control. It makes the exoskeleton work
smoothly and compliantly when affected by forces generated by the user or from
external [6]. Zhang et al. developed an adaptive admittance control method.
It measures the torque of the ankle in real time and adaptively modifies the
preset trajectory, thus improving the safety of active rehabilitation training [7].
Zhou et al. designed a spatiotemporal compliance control strategy for a new
self-designed wearable lower limb rehabilitation robot (WLLRR), allowing the
users to regulate the spatiotemporal characteristics of their motion [§]. Kou et
al. developed a variable conductor control strategy to adapt to different patients
by adjusting the conductor parameters, thus improving the wearing comfort of
patients and the suppleness of training[9].

At present, the study of compliance is often incorporated into active training
strategies in the middle and late stages of rehabilitation. However, compliance
and safety are not adequately studied in the early stage of the passive training.

This paper developed a control strategy for the pedal rehabilitation robot
based on admittance control. We first modeled the dynamics of the pedal rehabil-
itation robot. Then, we designed a discrete admittance controller and performed
a stability analysis of the discrete system.We set the force observation threshold
to complete the flexible switching between PID control and admittance control.
Lastly, we constructed a robot simulation experimental platform by integrat-
ing MATLAB/Simulink and SolidWorks. This was utilized to verify the robot’s
horizontal plane linear trajectory motion and three-dimensional space circular
trajectory motion. The experimental results validated the effectiveness of the
control strategy.

2 Robot System Dynamics Model

To simplify the dynamics model, it is assumed that there is no relative movement
between the human body and the robot, so that the two are considered as one en-
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Fig. 1. SolidWorks model of the pedal rehabilitation robot

tity. A four-degree-of-freedom pedal rehabilitation robot model was constructed
by using SolidWorks software (Fig. 1). This model considers the sagittal plane
and the horizontal plane of lower limb movement, which can help to achieve a
more multidirectional trajectory planning. The Lagrangian function is a math-
ematical model that describes the relationship between kinetic and potential
energy within a system. It does not require the consideration of internal forces
between systems, which can simplify the mathematical model [10,11]. Therefore,
the Lagrangian method was chosen for the dynamics modelling.

The three-dimensional Cartesian coordinate system is established with point
A as the origin (Fig. 2). A, B and C correspond to the centres of rotation at
the hip, knee and ankle joints of the robot. 6;(i = 1,2,3) denotes the angle
of each joint in the sagittal plane, and 64 denotes the angle of rotation on the
horizontal plane for the hip joint. [;(¢ = 1,2, 3) denotes the length of each link,
m;(i = 1,2,3) denotes the mass of each link, r;(i = 1,2,3) denotes the distance
from the centre of rotation to the centre of mass ¢;(i = 1,2, 3) of each link, and
I;(i = 1,2, 3) denotes the moment of inertia of each link about its centre of mass.

The positional coordinates of the centre of mass of each link are calculated
as follows:

Te1 = 71 cos b7 sin Oy

Ye1 = 71 CcOS 67 cos Oy

Ze1 = 11 8in 64

Teo = (ll COS 01 =+ 179 COS(91 — 92)) sin 94

Ye2 = (I3 cos 0y + ro cos(fy — 03)) cos by (1)
Zeo = 1y sinfy + rosin(6; — 65)

Zea = (I3 cos Oy + ro cos(fy — b3) + 15 cos(6y — B2 — 03)) sin by

Yeo = (I3 cos Oy + lg cos(01 — 02) + r3cos(fy — O3 — 03)) cos b4

Zeg = ll sin 91 + 12 Sil’l(01 - 02) “+ 73 sin(01 - 92 - 03)
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Fig. 2. Robot dynamics model

By deriving the time,the velocity of the centre of mass of each link is expressed
as follows:

. er- .

Tei = ddf_l

Joi = Mo =123 (2)
s dzeq

Fei = g

In accordance with the kinetic energy theorem, the total kinetic energy of
the pedal rehabilitation robot E} is calculated as follows:

By = gma(dg + o + 225) + %Iléf )
Epg = yma(iZy + 92 + 225) + 512(61 — 02)?

Ers = ms(d25 + 925 + 2%) + %13(91 — 0y — 03)? (3)

3 .
Ey=3 Ep+ %(Il + 1z + 13)9421
i=1

7

Subsequently, the total potential energy of the robot E, is obtained by em-
ploying the X — Y plane as the zero potential energy surface:

E, = Zé E, = zi migze; = (M1gr1 + magly + magly) sin 6+ (@)
(magra + magla)rasin(0; — 63) + mggrs sin(6y — 02 — 63)
The construction of Lagrangian functions for the robots is as follows:
L=E,—E, (5)
Finally, the Lagrangian dynamics equation of the robot is derived as:

_doL oL
TTdtos 00
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H(0)0+C(0,0)0+G0) =T (7)

In practice, the simplified form of the Lagrangian kinetic equation in Eq.(7)
is frequently employed , where 6 is the generalized coordinates of the kinetic and
potential energy of the system, 0 is the generalized velocity, and 7 is the driv-
ing moment. H(0), C(6,6), and G(6) represent inertia matrix, centrifugal and
Coriolis force matrix, and gravity matrix. The torque-based control algorithm
establishes the force-position relationship in joint space and Cartesian space in
Eq.(8), where J is the Jacobi matrix.

{ f:J(]T?-F (8)

3 Principle

3.1 Control Strategy

During the rehabilitation training process, we use a torque sensor to detect the
interaction force between the robot and the patient. And we design an admit-
tance controller to update the robot end trajectory in real time. The tracked
end trajectory is transformed into the angular changes at each joint through
inverse kinematics. Excessive mutant force will make the displacement along the
direction of force compliance too large, and the angular threshold function is set
to limit it to a certain range(Fig.3).

The generation of abnormal mutation forces is detected by setting a force
observation threshold, which activates the admittance control to achieve com-
pliance in rehabilitation training. The active force within the threshold is small
in the early stages of rehabilitation, tracking control is performed; when the in-
teraction force is greater than the preset threshold, the admittance controller
is activated to follow the trajectory movement in the direction of the force, to
ensure the safety of the patient’s rehabilitation by improving compliance, and
when the force disappears, the rehabilitation robot returns to the original plan-
ning trajectory to continue tracking control.

0,.6,,0,
¢y, X, Xa_+ 0,0,0 Y 0. 05, 6
M’?—» Tnverse kinematics |———3 PID controller |———| Robot
+
—E E E — — . F_ 4+
Threshold function MX - Xq)+BX - Xq)+K(X - Xq)=F 17
— r
£

Fig. 3. Compliant control block diagram
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3.2 Admittance Controller

The fundamental principle of admittance Control is to permit the patient to
deviate from a predefined reference trajectory in lieu of compelling the patient
to move along a fixed trajectory. The degree of deviation is contingent upon
the magnitude of the torque exerted by the patient, in addition to the patient’s
behavioral pattern.

The control strategy equates the robot control system to a second-order phys-
ical model of "mass-damping-spring", where the inertia, damping and stiffness
parameters are adjusted to achieve a dynamic relationship between the robot
end-effector and the force(Fig.4).The mathematical form of admittance control
is shown as follows:

M(X - X)) +B(X —Xg)+K(X —Xy)=F (9)

For a four-degree-of-freedom pedal rehabilitation robot, M, B and K are
(4 x 4) positive definite symmetric matrices called inertia coefficient matrix,
damping coefficient matrix, and stiffness coefficient matrix, which are decoupled
in each direction. X, is the desired position of the robot end, X is the actual
position of the robot end, and F' is the contact force between the robot and
the patient. The robot end-effector X — Y — Z is required to be decoupled in
the three directions, which facilitates separate control in the three directions.
Therefore, we can start by considering only the one-dimensional case by taking
m, b, k, f to be the one-dimensional elements in M, B, K, F:

m(i — iq) + b(i — dq) + k(x — 24) = f (10)

When we use the admittance control algorithm applied to a real system, it
can often be implemented by discretising the programming on the controller in
Eq.(11). z(nT) is the actual motion position of the robot end at the nth sampling
cycle, zq(nT) is the desired position of the robot end at the nth sampling cycle,
and T is the sampling time.

xKn+1ﬂﬂ z(nT) + &(nT)T
#l(n + 1)T] = é(nT) + #(nT)T "
[&(nT) — &a(nT)] =
f=blE(nT) — 24(nT)] — klz(nT) — z4(nT)]
M
F o I By
—" »| Robot @4—
B
X4, X4, Xq X X x

Fig. 4. Admittance control model
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In the practical application of the conduction control algorithm, the original
second-order continuous system is transformed into its discrete form, with the
introduction of the sampling time T and the parameters m, b and k. While
this transformation introduces a constraint relationship between the internal
variables, it does not guarantee that the discrete control system is always stable.
To verify the stability of this discrete system, its state variables and output
variables are taken as follows:

z1(n) = x(n)
xa(n) = x1(n) = z(n) (12)
y(n) = z1(n)

z1(n+1) =21(n) + 22(n)T
ra(n+1) =~ (1) + (1 — )y () + u(n) (13)
y(n) = z1(n)

In most cases, u(n) is treated as a control quantity:
1
w(n) = Zq(n)T + E[f + bxq(n) + kxq(n)|T (14)

The state space model of this discrete system is described as:

z(n+1) = {% 1Tlg} B;EZH + u(n) (15)

The stability of this system is generally determined by the coefficient matrix:

G= {}m 1TI>T} (16)

m m

The Jury stability criterion is applied directly in the Z-domain and is partic-
ularly suitable for the stability analysis of second-order discrete systems. Next,
we use this criterion for the stability analysis of the system. This is achieved by
setting the characteristic equation of the n order discrete system as follows:

F(2) = an2" + an_12""" 4+ a1z + ap = 0(an > 0) (17)

According to the coefficients of the characteristic equation, the system satis-
fies the stability conditions as follows:

a2+al+a0 >0
a2—al+a0>0 (18)
a2 > |a0
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For a second-order discrete derivative control system, the corresponding char-
acteristic equation is is described as:

bT b kT?
F2)=|2I1-Gl=2>+(——-2)z+1—-—+— =0 (19)
m m m
In order to stabilise the system, the coefficients in Eq. (19) are transferred
to Eq. (18) for calculation:
bT T | kT2
1+ —2)+1 -2 +5->0

m,

1— (UL —9) 41— 0T 4 KT 5 (20)
1>’1—b—T+@

The condition for the stability of this discrete system is solved as:
b? > 4mk,0 < T < b=Ybi=imk (21)
b <dmk,0<T <2

Under the premise of satisfying the stability of the system, we can achieve
different dynamic performances by selecting appropriate parameters. Therefore,
the parameters are test-fitted to meet different degrees of rehabilitation training
intensity and task requirements.

4 Simulation

4.1 The horizontal plane linear trajectory motion

In order to verify the compliance achieved by the admittance controller in reha-
bilitation training, a sinusoidal signal and a random noise signal are introduced
to represent the active force of the patient in training, and the addition of an ex-
tra force signal is regarded as the patient’s mutation force, so that the simulated
human-computer interaction force shown by black line in Fig. 5 is obtained. The
red line in Fig. 5 is the upper and lower limits of the threshold value set by the
Compliant control.

Figure 6 shows the trajectory changes in the y-direction (one-dimensional):
the horizontal reference trajectory Yy is the blue line, the actual running tra-
jectory Y, is shown as the red line, and the running trajectory after softening
Y, is shown as the black line.When the patient’s active force exceeds the preset
threshold, the robot is able to instantly control the patient’s compliance and
move in the direction of the force, thereby effectively avoiding secondary injury
to the patient. Once the abnormal force has dissipated, the robot returns to its
original trajectory, resuming passive rehabilitation training. Furthermore, the
trajectory of the robot following softening indicates that it remains within the
safety range, thereby effectively avoiding the potential harm caused by excessive
range of motion.
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Fig. 5. Human-robot interaction force
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Fig. 6. Change in trajectory in the Y-direction

4.2 The three-dimensional space circular trajectory motion

A simulation platform for the pedal rehabilitation robot was constructed by in-
tegrating MATLAB/Simulink and SolidWorks software (Fig. 7):The utilisation
of the SimMechanics module based on Simulink enables the modelling and 3D
analysis of mechanical systems. The pedal rehabilitation robot constructed in
SolidWorks was imported into this module, and the requisite components, in-
cluding rotary joints and PID control components, were incorporated to create
a standalone robotics experimental system.

We designed a reference trajectory X, for the robot end to move in a circle
in the Y — Z plane of the Cartesian coordinate system from a relative initial
position, and observed the trajectory tracking when the patient’s active force
is too large and exceeds the threshold value. X, represents the actual tracking
trajectory following the implementation of the compliant control(Fig. 8). The
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Fig. 7. Simulation platform for rehabilitation robot based on admittance controller

robot end is displaced from the reference trajectory due to the patient’s active
force, and then returns to the reference trajectory motion when the active force
dissipates. Figure 9 illustrates the angular displacement of each joint, demon-
strating that each joint is capable of compensating for the patient’s active force
by modifying its current trajectory. The trajectory tracking results of the actual
operation meet the expectations and validates the effectiveness of the compliant
control strategy.
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Fig. 8. Desired and actual trajectories of the robot end in Cartesian space
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Fig. 9. Desired and actual trajectories of the robot end in Cartesian space

5 Conclusion

The paper designed an admittance control strategy with a force observation
threshold as a solution to the problem of passive training compliance in the
early stages of rehabilitation. A simulation experiment platform for the pedal
rehabilitation robot was constructed. The experimental results show that it im-
mediately activates the admittance controller when excessive abnormal mutation
force is detected. When the force disappears, it returns to the original trajectory
tracking process, demonstrating that the control strategy achieves compliance
and flexibility in passive training. Furthermore, the control strategy designed
in this paper and the architecture of the simulation and experimental system
can be combined with some adaptive control algorithms and intelligent control
algorithms to achieve better control effects. This will be the next step to be
completed.
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