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Rehabilitation Evaluation of Upper Limb Motor
Function for Stroke Patients Based on

Belief Rule Base
Shuang Li , Zhanli Wang , Xiaojing Yin , Zaixiang Pang , and Xue Yan

Abstract— In the process of rehabilitation treatment for
stroke patients, rehabilitation evaluation is a significant
part in rehabilitation medicine. Researchers intellectualized
the evaluation of rehabilitation evaluation methods and
proposed quantitative evaluation methods based on evalu-
ation scales, without the clinical background of physiatrist.
However, in clinical practice, the experience of physiatrist
plays an important role in the rehabilitation evaluation of
patients. Therefore, this paper designs a 5 degrees of
freedom (DoFs) upper limb (UL) rehabilitation robot and
proposes a rehabilitation evaluation model based on Belief
Rule Base (BRB) which can add the expert knowledge of
physiatrist to the rehabilitation evaluation. The motion data
of stroke patients during active training are collected by
the rehabilitation robot and signal collection system, and
then the upper limb motor function of the patients is eval-
uated by the rehabilitation evaluation model. To verify the
accuracy of the proposed method, Back Propagation Neural
Network (BPNN) and Support Vector Machines (SVM) are
used to evaluate. Comparative analysis shows that the
BRB model has high accuracy and effectiveness among
the three evaluation models. The results show that the
rehabilitation evaluation model of stroke patients based
on BRB could help physiatrists to evaluate the UL motor
function of patients and master the rehabilitation status of
stroke patients.

Index Terms— Rehabilitation robot, belief rule base, reha-
bilitation evaluation.

I. INTRODUCTION

STROKE is one of the common diseases of the elderly,
which is a disease of necrosis of brain cells and tis-

sues [1]. Stroke patients usually have unilateral or bilateral
limb weakness, unclear speech, cognitive impairment and
other symptoms, may die in severe cases [2]. It is clinically
proved that patients can recover limb motor function by
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rehabilitation training [3], [4]. The rehabilitation evaluation
is an important part of rehabilitation medicine in the process
of rehabilitation treatment for stroke patients. When patients
receive rehabilitation treatment, the rehabilitation physiatrist
will assess the patient’s rehabilitation and current physical
condition [5], [6]. According to the rehabilitation evaluation
results, the rehabilitation treatment plan will be formulated for
the patients to achieve the best treatment and recovery effect.

In clinic, physiatrists evaluate the rehabilitation level of
stroke patients according to the Medical Stroke Assessment
Scale [7]. Traditional clinical rehabilitation evaluation methods
include Bobath, Brunstrom, Fugl-Meyer Assessment (FMA),
improved Ashworth, Motor Status Scale (MSS) [8], [9], [10].
The traditional rehabilitation evaluation needs to be accom-
plished by well experienced physiatrist and the evaluation
results are influenced by the physiatrist and the evaluation
process needs more time [11]. Traditional rehabilitation eval-
uation is to be evaluated by well-experienced physiatrist [12].
The one-to-one evaluation between rehabilitation doctors and
patients takes a long time, and the evaluation result will
be affected by the subjective of the physiatrist. Therefore,
it is necessary to apply advanced theories and methods to
the field of rehabilitation medicine, establish an evaluation
model for patients’ motor function, and help their doctors
obtain rehabilitation level of patients accurately. Combining
advanced theoretical methods with medical combined reha-
bilitation methods and auxiliary rehabilitation resources can
not only optimize the rehabilitation effect and rehabilitation
resource allocation, but also provide important theoretical
support for intelligent medical treatment [13], [14], [15].

At present, many researchers try to intelligentize rehabilita-
tion assessment [16], [17], [18]. Takehito Kikuchi developed
a 6 degrees of freedom rehabilitation robotic system and
combined with the evaluation function software to establish
three evaluation modes: Rhythmic Stabilization, FNF and
GUR. The patient’s rehabilitation status and training quality
were displayed through the virtual reality system [19]. Fan
and Yin used multisource information fusion technology to
study the early rehabilitation of active and passive exoskeleton,
which improved the safety and efficiency of exoskeleton
assisted rehabilitation training [20]. Reddy et al. detected
the three-dimensional workspace surface area according to
the data collected by Kinect and evaluated the UL function
of patients with shoulder musculoskeletal dysfunction [21].
Kim et al. proposed a method to judge the degree of elbow
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spasticity and used machine learning algorithm to classify
the level of elbow spasticity [22]. Zhang et al. proposed
a rehabilitation evaluation system for desktop rehabilitation
training robot, which can quantitatively assessment the UL
motor function of patients and grasp the degree of rehabilita-
tion of patients [23].

The existing intelligent rehabilitation evaluation method is
quantitative evaluation [24]. According to the information
collected from the patients, the researchers use the quantitative
scoring method to evaluate the rehabilitation of the patients
and there was no involvement of physiatrist in the assessment
process. However, in clinical practice, the physiatrist obtains
the patient’s information and evaluates the patient’s rehabil-
itation based on the evaluation scale and their experience.
The experience of physiatrist plays an important role in the
rehabilitation evaluation of patients.

The BRB model is proposed by Yang which is a nonlinear
model based on semi-quantitative information [25]. It can
address both qualitative knowledge and quantitative informa-
tion. The characteristic of this model is that it incorporates
expert knowledge and can fully utilize quantitative knowledge.
Especially, when the model is combined with expert knowl-
edge, it exhibits excellent performance when dealing with the
small-scale samples. In the rehabilitation assessment model,
expert knowledge is the clinical experience of the physiatrist.

Therefore, in this paper, a rehabilitation robot with 5 DoFs is
designed to assist patients in rehabilitation training and acquire
motion data of stroke patients. In order to better measure the
patient’s movement data, surface electromyography (sEMG)
signal measurement is added. The rehabilitation evaluation
method of stroke patients is established by fusing the acquired
information and expert knowledge based on BRB theory.
The relationship model between rehabilitation characteristic
quantity and rehabilitation degree is established to simulate the
rehabilitation evaluation of patients by physiatrist to the great-
est extent. In the modeling process, aiming at the uncertainty
of expert knowledge, the updating and optimization method
of model parameters is studied to provide more accurate
rehabilitation evaluation results for physiatrist.

II. REHABILITATION ROBOT DESIGN

A. Structure of Rehabilitation Robot
The proposed rehabilitation robot for stroke patients is

shown in Fig. 1, which can help patients complete the reha-
bilitation actions of upper limbs, including active and passive
movements. The robot can complete the adduction and abduc-
tion of the shoulder joint directly in the coronal plane, which
can help patients better complete the rehabilitation of the
shoulder joint. The rehabilitation robot is composed by a base
station and five models, which can help the stroke patients
do rehabilitation exercises in their middle and late stages of
rehabilitation. The module I, II and III can accomplish the
movement of shoulder joint. The module IV accomplishes the
flexion/extension of the elbow joint, and module V accom-
plishes the radial/ulnar deviation of the wrist.

In module III, a gravity compensation device is designed,
which consists of a parallel four link mechanism and cable.
The gravity compensation device can bear the axial load

Fig. 1. The overall structure of rehabilitation robot.

Fig. 2. Mechanism diagram of ULRR.

of the shoulder joint mechanism and improve the stability
when shoulder joint is moving. When patients use robots for
rehabilitation training, it is necessary to connect the patient’s
upper limbs to the robot through flexible straps, aligning the
patient’s upper limb joints with the robot joints. The robot
drives the patient’s upper limbs for rehabilitation movement by
actuators which are driving the joint movement of the robot.

B. Forward Kinematics of Rehabilitation Robot

The forward kinematics (FK) is to address the pose of the
end effector of robot by inputting the values of θi . In this paper,
the FK of the robot is derived based on the D-H parameter
method. The kinematics model of the ULERR based on the
kinematics theory, as shown in Fig. 2. Each link of the robot
can be represented by the four parameters of D-H which are
the length ai of the link, the twist αi , the offset di and the joint
angle θi , respectively. The TABLE I shows D-H parameters
of robot.

According to the robotics knowledge, the coordinate trans-
formation systems of the robot can be expressed as:

i−1Ti =


Ci −Si cαi Si sαi ai Ci
Si Ci cαi −Ci sαi ai Si
0 sαi cαi di
0 0 0 1

 (1)

where, Ci = cos θi cθi = cosθi, sθi = sinθiSi = sin θi, cαi =

cosαicαi = cos αi, sαi = sinαisαi = sin αi.
The pose matrix of the coordinate system at the

end of the robot relative to the base coordinate
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TABLE I
D-H PARAMETERS OF THE ROBOT

Fig. 3. Cloud map of the robot workspace.

system is:

0
5T =

0
1T 1

2T 2
3T 3

4T 4
5T 5

6T =


nx ox ax px
ny oy ay py
nz oz az pz
0 0 0 1

 (2)

where, n, o, a, are the posture of the robot and pxpx, pypy,
pzpz are represent the end position coordinate vector.

C. Workspace of Rehabilitation Robot
In order to know whether the designed robot meets the

rehabilitation needs of patients, it is necessary to know the
workspace of the robot. The workspace needs to include
the max range of upper limb activity for the patient. The
workspace is obtained by combining Monte Carlo method
and D-H parameter method. As shown in Fig. 3 of the
simulation results, the range of workspace of the end of the
robot is: −730mm ≤ X ≤ 730mm, −730mm ≤ Y ≤ 730mm,
−556mm ≤ Z ≤ 556mm. According to the ergonomics, the
limit position of the robot is near to the limit position of the
upper limb of the human body. Therefore, the designed robot
fulfills the requirements for the range of motion (ROM) of the
upper limbs.

D. Experiment of Rehabilitation Robot
To realize the control of robot using the computer, and

Fig. 4 shows the diagram control system of the robot. Using
the sensors on the robot to collect the human motion data, and
the information is transmitted to the data acquisition card, and
finally uploaded the data to the computer.

The purpose of the patient by using robot for rehabilita-
tion is that the patient can complete the basic activities in

Fig. 4. The rehabilitation robot system.

Fig. 5. The participant completes the movement by using robot.

Fig. 6. The structure of the model.

daily life. Therefore, it is necessary the patients complete
the multi-joint compound movements by robot. Taking the
action of drinking water and touching the left shoulder as
examples, and multi-joint compound exercises rehabilitation
training experiment are carried out. The Fig. 5 shows the
participant completes the movement of drinking water and
touching the left shoulder by using the robot.

III. EVALUATION METHOD

The evaluation model of UL rehabilitation for stroke
patients based on BRB proposed in this paper mainly includes
three parts. First, the features are selected to represent the UL
rehabilitation characteristics of the patients. Secondly, the time
series evaluation model of rehabilitation characteristics based
on BRB is established. Finally, ER algorithm is used to fuse
these rehabilitation features. The UL rehabilitation status of
stroke patients was evaluated. Fig. 6 shows the structure of
the model.

A. Features Selection
At present, the main methods used in the evaluation of UL

motor function are the method based on the change of limb
motion mode and muscle strength. In the method based on
the motion mode of the limbs, the ROM is a motion feature
that can be directly observed and detected. ROM refers to the
motion arc through which the joint moves, usually expressed in
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degrees, which can be used as an indicator to reflect the motor
function level of stroke patients with motor disorders [26].
Muscle force refers to the ability of a muscle to generate
tension to make it produce static or dynamic contraction,
which can also be regarded as muscle contraction force. With
the development of detection technology, muscle strength can
also be reflected by sEMG. sEMG signal is the most important
physiological parameter of human muscle activity. It is a
small electrical signal generated by human muscle during
contraction. The research shows that the amplitude of sEMG
signal is related to the size of muscle force, movement speed
and acceleration, and the Root Mean Square (RMS) of sEMG
reflects the number of motor units activated during muscle
activity [27], [28]. Therefore, in this paper, the ROM and
sEMG signals are selected as features to evaluate the UL motor
function of stroke patients.

B. Establishment of BRB Rehabilitation Evaluation Model
To evaluate the health status of UL of patients, the nonlinear

relationship between the health status of patients’ UL and the
characteristic quantity should be established first. The specific
relationship model is as follow:

H = f (x1t , x2t , · · · , xMt , V ) (3)

where, H represents the health status of the patient’s UL, f is
the nonlinear BRB model, xNt (N = 1, 2, . . . , M) is one of
the characteristics of the evaluation system, V is the model
parameters. In this paper, the nonlinear model f between the
features and the evaluation state will be established by using
such features as the ROM and sEMG based on BRB theory.

The health status evaluation model of stroke patients based
on BRB considers both expert knowledge and feature informa-
tion. In the process of rehabilitation evaluation, considering the
uncertainty of expert knowledge, P-CMA-ES is used to update
the initial parameters of BRB respectively, and a simpler and
more accurate rehabilitation evaluation model is established.
The specific process of modeling is as follows:

The first step:
Assuming that a total of i features can be used to represent

the health status of UL of stroke patients, based on the eval-
uation scale and the professional knowledge of rehabilitation
physicians, the kth BRB rule of rehabilitation evaluation is:

Rk : If a1is Ak
1 ∧ a2is Ak

2 ∧ · · · ∧ aM is Ak
Mk

, Then
{(D1, β1,k ),(D2, β2,k),. . . , (DN , βN ,k)} with a rule
weight θk and attribute weight δ1,k, δ2,k, . . . , δMk ,k .

where,
Rk the k-th confidence rule.
ai —— the i-th premises attribute, i represents the number

of feature quantities of system, i = 1, 2, · · · , Mk .
Ak

i —— the reference value of the i-th premises attribute in
the k-th rule, i = 1, 2, · · · , Mk, k = 1, 2, · · · , L , Ak

i ∈ Ai ,

and Ai =
{

Ai, j j = 1, 2, · · · , Jm
}

represents the set composed
of Ji reference values of the i-th prerequisite attribute.

Mk—— the number of prerequisite attributes in the k-th
rule.

D j —— the j-th evaluation result, j = 1, 2, · · · , N (N is
the number of evaluation results).

Fig. 7. Reasoning process based on ER.

β j,k—— the confidence of the k-th result D j , j =

1, 2, · · · , N , k = 1, 2, . . . , L .
If there are M prerequisite attributes in BRB, then δi= δi,k ,

δ̄i =
δi

max
i=1,2,...,M {δi }

, (i = 1, 2, · · · , Mk, k = 1, 2, . . . , L).

If
N∑

j=1

β j,k ̸= 1,

then k-th rule is incomplete; Otherwise, it is complete.
The second step: To get the final system output in the

BRB model, Evolutionary Reasoning (ER) algorithm is used
to perform combined reasoning on the confidence rules. The
reasoning process is as shown in Fig.7. The third step:

In the rehabilitation evaluation model for stroke patients
based on BRB, the initial parameters of the model are given
by experts, which is highly subjective and the accuracy of
the evaluation model is low. The initial BRB parameters are
optimized based on P-CMA-ES to improve the accuracy of the
evaluation model [29]. In the process of parameter optimiza-
tion of BRB rehabilitation evaluation model, the following
optimization objective function is established:

minξ (V )

s.t.
N∑

n=1

βn,k = 1,

0 ≤ βn,k ≤ 1, k = 1, 2, · · · , L

0 ≤ δi ≤ 1, i = 1, 2, · · · , M

0 ≤ θk ≤ 1

where,

ξ (V ) =
1

t − τ

T∑
t=τ−1

(
y (t) − ŷ (t)

)2

y (t)—— output results of actual rehabilitation state of
stroke patients.

ŷ (t)—— output of rehabilitation evaluation model for
stroke patients.

T —— the amount of data.
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Fig. 8. Data collecting systems.

IV. CASE STUDY

To verify the effectiveness and accuracy of the rehabilitation
evaluation model for stroke patients proposed in this paper,
the model is used to evaluate the health status of UL of
stroke patients. When collecting joint angle data, the first step
is to place markers on the patient’s UL joints and connect
the patient’s UL to the robot through protective covers. This
facilitates guiding the patient through a series of joint move-
ments, such as shoulder adduction and abduction. The UL
rehabilitation robot and the QTM system are used to collect
the patient’s UL motion data. When collecting sEMG signals,
the first step is to clean the designated areas with alcohol
swabs. After the cleaning process is completed, electrode pads
are applied to the patient’s upper limb. BioNeuro INFINITI is
used to collect sEMG data during human joint movements.
Each subject is required to perform six sets of movements,
including adduction/abduction, internal/external rotation and
flexion/extension of shoulder joint, flexion/extension of elbow
joint, flexion/extension and radial/ulnar deviation of wrist
joint. Each movement is to be repeated ten times.The ROM
and sEMG of patients’ UL were collected using the rehabil-
itation robot, Qualisys Track Manager (QTM) and BioNeuro
INFINITI, as shown in the Fig. 8. The UL motion data of
30 patients with different rehabilitation levels and 5 normal
persons are collected to establish the rehabilitation evaluation
level data. The collection of exercise data from patients and
participants is agreed upon by them. The basic information
of the patients (15 males and 15 females, mean age of
57.8±10.4 years) is shown in Table II.

Because the MSS adopts a 6-level scoring mode, which
provides a detection method for the separation movement of
a single joint of the UL, this paper establishes a database of
different rehabilitation levels for different patients based on
the MSS and expert knowledge. Based on the quantitative data
of joint ROM and sEMG obtained, and qualitative knowledge
such as expert knowledge and MSS, a rehabilitation evaluation
model for UL of stroke patients is established.

According to the MSS and expert knowledge, the ROM
selects 6 reference values:

N = no contraction or motion
C = contraction or initiating first few degrees of motion
PP = performs partly movement
L = lacking few degrees of movement
CF = completes full range or decreased control
PF = performs faultlessly
And the Ak

1 ∈ {N , C, P P, L , C F, P F}.

TABLE II
THE BASIC INFORMATION OF THE PATIENTS

For sEMG, six reference values are selected the same as
ROM [30], [31], namely Ak

2 ∈ {N , C, P P, L , C F, P F}.
According to the MSS evaluation scale, the rehabilitation

status of stroke patients is divided into six grades, which are
respectively expressed as (N , I, I I, I I I, I V, V ):

{T1, T2, T3, T4, T5, T6} = {N , I, I I, I I I, I V, V }
The input features of BRB have six reference values respec-

tively, so 36 initial confidence rules can be established to
evaluate the rehabilitation level of patients. If the quantitative
data of ROM is qualitative semantic expression “N”, and the
qualitative semantic expression of sEMG is respectively “N, C,
PP, L, CF, PF”, the following rules are established according
to expert knowledge:

R1 : If (ROM is N)∧ (sEMG is N), Then {(0.9,0.1,0,0,0,0)}
R2 : If (ROM is N)∧ (sEMG is C), Then {(0.1,0.8,0.1,0,0,0)}
R3 : If (ROM is N)∧ (sEMG is PP), Then {(0, 0.1,0.9,0,0,0)}
R4 : If (ROM is N)∧ (sEMG is L), Then {(0,0,0.1,0.8, 0.1,0)}
R5 : If (ROM is N)∧ (sEMG is CF), Then {0,0,0,0,0.9,0.1)}
R6 : If (ROM is N)∧ (sEMG is PF), Then {0,0,0,0, 0.1,0.9)}
Taking the above rules as an example, a systematic BRB

rehabilitation evaluation model is established. The k-th rule is
as follows:

Rk : If Range of motion is Ak
1∧ sEMG is Ak

2 ,
Then Rehabilitation condition is {(N,β1,k), (I,β2,k), (II,β3,k),
(III,β4,k), (IV,β5,k), (V,β6,k)} with a rule weight θk , attribute
weight δ1, δ2, . . . , δ6
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TABLE III
THE ATTRIBUTE REFERENCE VALUE OF ROM

TABLE IV
THE ATTRIBUTE REFERENCE VALUE OF sEMG

TABLE V
THE REFERENCE VALUE OF REHABILITATION STATUS

Fig. 9. The rehabilitation evaluation results by initial BRB model.

The attribute reference value of ROM and sEMG are shown
in Table III and Table IV, respectively. The reference value of
rehabilitation status is shown in Table V.

In the rehabilitation evaluation model, since there are 6 ref-
erence values for each feature, there are 36 rules in total
when evaluating the health status of the features. According to
expert knowledge, the initial confidence of two characteristic
quantities is given in Table VI.

This paper has obtained 2100 sets of data, including
1500 sets as training data and 600 sets as test data. According
to the initial parameters given by experts, the weight of
characteristic quantity is not considered. θk and δi are both
set to 1, and the rehabilitation evaluation results are shown in
Fig. 9. The results show that that the fitting degree between
the evaluation results and the training data is not high.

In the rehabilitation evaluation model for stroke patients
based on BRB, the initial parameters of the model are given by
experts, which is highly subjective and the evaluation model is
inaccurate. To improve the accuracy of the evaluation model,
the initial BRB parameters need to be optimized. In this paper,
P-CMA-ES optimization algorithm is used to optimize BRB
model parameters. The optimized BRB parameters are shown
in Table VII. Fig. 10 illustrates the evaluation results which is
shown that the updated output of parameters can well fit the
training data.

V. COMPARATIVE ANALYSIS

To verify the effectiveness and accuracy of the methods
proposed in this chapter, this section conducts a comparative

TABLE VI
THE INITIAL PARAMETERS OF BRB

analysis. First, the Back Propagation Neural Network (BPNN)
is used for comparative analysis. BPNN is widely used in diag-
nosis, classification and prediction. As with the BRB model
simulation analysis, the 1500 groups of data are also used for
training in the BPNN evaluation model, and the remaining
data are used as test data. Evaluation results based on BPNN
are shown in Fig. 11. To further verify the progressiveness of
the proposed model, Support Vector Machines (SVM) is used
to evaluate and analyze the data. The previous 1500 groups of
data are also used for training, and the rest are used as test data.
The results are shown in Fig. 12. Table VIII lists the Mean
Square Error (MSE) of BRB, BPNN and SVM health status
evaluation model. Through comparative analysis, it can be
known that the rehabilitation evaluation model based on BRB
proposed in this paper has high accuracy and effectiveness.

VI. DISCUSSION

This paper presents a rehabilitation evaluation model based
on BRB for stroke patients which combine the assessment
scale and the expert knowledge of physiatrist. To verify
the accuracy of the proposed model, BPNN and SVM are
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TABLE VII
THE OPTIMIZED BRB PARAMETERS

TABLE VIII
THE MSEs OF DIFFERENT MODELS

used to evaluate. Three different evaluation models are estab-
lished based on BRB, BPNN and SVM algorithms which
are evaluated the UL motor function of stroke patients. The
experimental results show that the MSE of the BRB, BPNN,
and SVM model in UL motor function are 0.0325, 0.2410 and
0.3975, respectively. Comparison of the BPNN and the SVM
model, the MSE of BRB model is small, which indicate that
the evaluation model based on BRB has better performance.
The reason why the BRB assessment results are more accurate
is that the expert knowledge of doctors has been added in the

Fig. 10. The rehabilitation evaluation results by optimized BRB model.

Fig. 11. Evaluation results based on BPNN.

Fig. 12. Evaluation results based on SVM.

model. In the rehabilitation process, the period of rehabilitation
is long, and the staged data of patients collected is less, so the
purely data-driven evaluation will have disadvantages and be
inaccurate. The addition of expert knowledge can make up
for the lack of data and evaluate the rehabilitation of patients
better. Physiatrists play an important role in rehabilitation
evaluation. With the addition of expert knowledge, the model
can better simulate physiatrists’ rehabilitation evaluation of
patients. BRB is an excellent modeling method based on semi
quantitative information, which can effectively use various
uncertain information and quantitative knowledge to model
nonlinear systems.
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VII. CONCLUSION

In this paper, a rehabilitation robot has been designed which
can help patients exercise their upper limbs. A model based
on BRB has been proposed to evaluate the rehabilitation
status of stroke patients which can be applied to rehabilitation
robots. A new method of rehabilitation evaluation based on
BRB has been proposed. A time series evaluation model of
rehabilitation health characteristics based on BRB has been
established. Representative characteristic values have been
taken as health characteristics. Finally, these rehabilitation
features have been fused by ER algorithm which realizes that
the comprehensive evaluation of UL rehabilitation status of
stroke patients. In the process of using BRB for rehabilitation
evaluation, P-CMA-ES has been used to optimize the model
parameters in order to solve the subjectivity of expert knowl-
edge. The case study shown that the model can be used to
evaluate the rehabilitation of UL of patients. The results shown
that the evaluation model of UL rehabilitation state of patients
based on multi features had high effectiveness and accuracy,
compared with BPNN and SVM. The rehabilitation evaluation
applied to rehabilitation robots is helpful for the physiatrist
to evaluate the UL motor function of patients. In the future,
we will add more features in BRB model, carry out large-scale
clinical trials, and improve the rehabilitation evaluation model.
By adding new features, the UL rehabilitation status of patients
can be more comprehensively evaluated, and the accuracy of
the model can be further improved.
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