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Abstract - Joint position and joint angle are the basic kinematic parameters for the quantitative 
evaluation of upper limb motion ability, which are widely applied to calculate extremity reachable 
workspace and range of motion (ROM). The traditional measurement methods cannot meet the 
clinical requirements in accuracy, stability and real-time. This paper proposes a novel algorithm for 
measuring the kinematic parameters of upper limb by combining the kinematic chain method with 
the vector projection method. Firstly, the human upper limb motion model is simplified to a 7 
degrees of freedom (DOF) motion model according to the anatomical principle, and the rigid body 
group is used to collect the upper limb kinematic parameters to realize the real-time tracking of 
trajectory and angle of the shoulder, elbow and wrist joints. Finally, a healthy volunteer experiment 
is designed, the results show that the algorithm can provide real-time and quantitative upper limb 
kinematic parameters, which can meet the data requirements of quantitative evaluation of upper 
limbs. 
 
Keywords: Upper Limb Joint, Kinematic Parameters, Kinematic Chain, Vector Projection, Motion 
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1. Introduction 
 

Researches have shown that upper limb movements 
of stroke patients are characterized by decreased 
movement coordination and increased movement 
variability and segment [1]. Therefore, changes in 
muscle strength and changes in holistic motion mode 
are widely used as criteria for evaluation of upper 
limb motor function [2]. Traditional scale evaluation 
relies too much on the subjective of physicians, 
which leads to the difficulty of accurate 
quantification of results [3]. Therefore, the 
quantitative evaluation method based on the 
characteristics of upper limb kinematics parameters 
is gradually adopted by researchers. These studies 
achieve the purpose of quantitative evaluation of 
upper limb motor function through setting up 
evaluation indexes which are based on the 
kinematics parameters collected in some training 
tasks [4]. 

Joint position and joint angle are the main basic 
of upper limb kinematic parameters [5][6]. Clinically, 
the universal protractor and photographic methods 
are commonly used to measure these kinematic 
parameters, but these methods cannot meet the 
clinical needs in terms of accuracy, stability and real-
time requirement [7]. With the development of 
sensor technology, researchers use various sensors 
combined with corresponding algorithms to 
calculate these kinematic parameters. For instance, 

Chen at al. [8] propose a multi-rigid real-time 
tracking system based on the upper limb kinematic 
chain algorithm to achieve shoulder and elbow joint 
angle measurement, in which Kalman filter is used to 
improve the system robustness, while the algorithm 
does not involve the measurement of the wrist joint 
kinematic parameters. Since wrist joint injury has a 
great influence on the fine movement of the hand 
and even the activity of the upper limb [9], it is 
indispensable to distinguish the degree of wrist joint 
injury and adopt effective rehabilitation methods in 
time [10]. Nguyen at el. [11] present a sensing 
system based on optical linear encoder (OLE), in 
which the motion of an optical encoder on a code 
strip is converted to goniometric data of the limb 
joints. However, this algorithm does not involve the 
measurement of joint position, and only applies to 
specific sensors. Song at el. [12] propose a method of 
measuring upper limb motion parameters by 
converting joint relative pose matrix to Euler angle 
based on electromagnetic tracking system, but the 
calculation results are related to the selected 
rotation order of the Euler angle, so the calculation 
results may be different from the actual joint angle. 
In addition, scholars use Microsoft Kinect to measure 
the kinematics parameters of upper limbs [13-15]. 
After measuring joint position data by this system, 
vector projection method is used to calculate joint 
angle, while this measurement algorithm is complex 
and its accuracy needs to be improved. 
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A novel algorithm combining kinematic chain 
method and vector projection method is proposed in 
this paper according to the above analysis to 
measure kinematic parameters of upper limbs in 
order to solve the shortcomings of the existing 
methods. The 7 groups rigid bodies are used to 
acquire the kinematic parameters of the upper limb 
links to establish the pose matrix of each joint 
coordinate system, and calculate the position and 
angle of shoulder, elbow and wrist joints in real time 
by combining the kinematic chain method and vector 
projection method. 

  

2. Upper Limb Kinematics Model 
 

The upper limb is the most flexible system in the 
motion system of various parts of the human body. 
From the perspective of mechanical kinematics, the 
upper limb is a multi-degree-of-freedom mechanical 
motion system with many complex structural joints 
[16], which should be simplified on the premise of 
rigid body hypothesis theory when analyzing the 
upper limb's motion ability. 7DOF model is the most 
universal model [17], since this model is the closest 

to the motion function of human upper limbs，

which can well describe human motion [8]. In this 
model, shoulder joint has three degrees of freedom: 
abduction and adduction, medial rotation and lateral 
rotation, flexion and extension, elbow joint has one 
freedom: flexion and extension, wrist joint has three 
degrees of freedom: dorsal extension and palmar 
flexion, supination and pronation, abduction and 
adduction. The simplified 7DOF kinematics model of 
upper limb is shown in Figure 1. 

 
 

Figure 1: 7 DOF simplified model of upper limb 
kinematics. 

 

3. Method 
3.1. Static calibration algorithm 

 
Static calibration mainly completes the calculation of 

the transformation relationship between the joint 

coordinate system of upper limb and the 

corresponding rigid body coordinate system. The 

upper limb trunk, upper arm, forearm, and hand are 

regarded as rigid bodies according to the above 7 

DOF simplified model, 7 groups of rigid bodies of 

dual-arm are connected by joints. The coordinate 

system of shoulder joint is fixed on trunk, the 

coordinate system of elbow joint is fixed on upper 

arm, the coordinate system of wrist joint is fixed on 

forearm, and the coordinate system of hand is fixed 

on the root of middle finger. The method of reference 

[12] is used to establish the coordinate system, the 

position and direction of each joint coordinate 

system are shown in Figure 2. The left and right joint 

coordinate systems are indicated respectively by 

dashed lines and solid lines, and the 7 sets of rigid 

bodies (B1 ÷ B7) are fixed on the outside of each link 

of the dual-arm so as to be recognized by the motion 

capture system to collect the motion parameters of 

each rigid body of the dual-arm. 

 

Figure 2: Upper limbs joint coordinate system and 
rigid body wearing method. 

 
During the movement of the upper limbs, the 7 

groups of rigid bodies and the corresponding joint 
coordinate system are always on the same rigid 
body. Therefore, the pose data of joint coordinate 
system can be obtained according to the data of the 
corresponding rigid body as long as the 
transformation relationship between the joint 
coordinate system and the corresponding rigid body 
coordinate system is obtained at the initial moment. 
In order to facilitate the acquisition of the anatomical 
position of the upper limb, this paper stipulates that 
the tester takes the sitting position at the initial 
moment, the upper arm is vertically downward, the 
forearm is at an angle of 90° to the upper arm, the 
hand is straight, the hands of both sides are facing 
right, and the hand of the hand is inward, as shown 
in Figure 2. 
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The position of acromion, medial epicondyle and 
lateral epicondyle, ulnar side, flexor side and middle 
finger root are measured by auxiliary rigid body 

0B  

for static calibration. And then calculate the position 

SO ,
EO  and 

WO of each joint coordinate system centre 

and direction of the shoulder joint, elbow joint and 
wrist joint coordinate system according to the 
calculation method in [12]. In addition, the origin of 
the hand coordinate system is fixed on the finger 
root of the middle finger, the initial position 

HO of 

the coordinate system center is measured by 
0B  

directly and the initial direction of this coordinate 
system is the same as the wrist joint coordinate 
system. 

A set of data of 7 rigid bodies is obtained to 
calculate the transformation matrix between the 
rigid body coordinate system and the corresponding 
joint coordinate system after establishing the joint 
coordinate system at the initial time. The coordinate 
system of right and left shoulder joint both 
correspond to the coordinate system of

1B .  

This paper takes right limb as an example to 
introduce the calculation method of the 
transformation relationship between rigid body 
coordinate system and corresponding joint 
coordinate system. 

Firstly, the pose matrix of 
iB  in the global 

coordinate system at the initial time is calculated： 
 

     0 i i i i

G

B t x y zR R xrot R yrot R zrot          (1) 
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where 1,2,3,4i  ， xrot yrot zrot， ，  are the  

XYZ dynamic Euler angle of rigid body in the global 
coordinate system, 

iBP  is the position information of 

iB  in the global coordinate system. 

Secondly, the relative transformation matrix 
between the coordinate system of  

1B   and shoulder 

joint coordinate system is calculated:   
 

   1

1

1

0 0( ) 
B G G

RS RS B tT T T                                                 (3) 

 
where 

0

G

RST
 represents the pose matrix of the 

shoulder coordinate system in the global coordinate 
system, which is constructed from the position and 
direction vectors of the shoulder joint coordinate 
system. 1B

RST
is the relative transformation matrix 

between the coordinate system of 
1B  and shoulder 

coordinate system, which remains unchanged during 
upper limb movement. 

According to above principle, the relative 
transformation matrices between other groups of 
joints coordinate system and corresponding rigid 
bodies coordinate system are obtained respectively, 
which include 32 ,

BB

RE RWT T  and 4B

RHT : 

 2

2

1
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1
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3.2. Kinematics parameter measurement 
algorithm 

 
After completing static calibration, the motion 

capture system acquires the pose parameters of 7 
rigid bodies in real time during the upper limb 
movement. 

 
(1) Joint position calculation method 
Firstly, calculate the pose matrix of each rigid 

body in the global coordinate system. 

        
i

G

B xi yi ziR R xrot R yrot R zrot            (7) 
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i
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                                                  (8) 

where 
iBP  is the position matrix of rigid body 

iB  in 

global coordinate system. Then calculate the pose 
matrix of each joint coordinate system in the global 
coordinate system sequentially according to the pose 
transformation matrix between each rigid body 
coordinate system and the corresponding joint 
coordinate system.  

 1

1
 

BG G

RS B RST T T                                                          (9) 

where  G

RST
 is the pose matrix of the shoulder joint in 

the global coordinate system. The pose matrix G

RET
, 

G

RWT and  G

RHT of the elbow joint, wrist joint and hand 

coordinate system in the global coordinate system 
are respectively calculated according to the equation 
(9): 

2

2
 

BG G

RE B RET T T                                                       (10) 

 3

3
 

BG G

RW B RWT T T                                                    (11) 

  4

4
 

BG G

RH B RHT T T                                                    (12) 

Each pose matrix of joint coordinate system 
above contains the real-time position and posture 
information of the joint in the global coordinate 
system. 
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(2) Joint angle calculation method   

A. Elbow joint 
The upper limb simplified kinematic chain is 

constructed according to the position information of 
the shoulder joint coordinate system, the elbow joint 
joint coordinate system and the wrist joint joint 
coordinate system obtained above, and as shown in 
Figure 3, the rotation angle of the elbow joint is 
obtained by the cosine theorem. 

 

 

Figure 3: The upper limbs simplified kinematic chain 

2 2 2arccos( + -d ) / (2 )    E u f u fL L L L
  (13) 

 
where Lu, Lf, represent the length of the upper 

arm and forearm respectively, and  d is the distance 
between the shoulder joint centre and the wrist joint 
centre. 

 
B. Shoulder joint 

According to the pose matrix of the shoulder, 
elbow and wrist joint coordinate system obtained 
above, the pose matrix of the elbow joint and the 
wrist joint coordinate system in the proximal 
coordinate system of the shoulder joint can be 
obtained: 
 

1( ) RS G G

RE RE RST T T                                                (14) 

1( ) RS G G

RW RW RST T T                                              (15) 

where RS

RET
is the relative pose matrix of the 

elbow joint coordinate system in the shoulder joint 
coordinate system, which includes the position 

sE x ,
sE y and 

sE z  of the elbow joint centre in the 

shoulder joint coordinate system, RS

RWT is the 

relative pose matrix of the wrist joint coordinate 
system in the shoulder joint coordinate system, 
which include the position sW x ,

sW y  and 
sW z  of 

the wrist joint centre in the shoulder joint coordinate 
system. 

The rotation of the upper arm around the y-axis 
of the shoulder joint coordinate system does not 
change the position of the elbow joint centre under 
the shoulder joint coordinate system during the 
movement of the upper limbs. It is assumed that the 
rotation order of the upper arm around the shoulder 
joint coordinate system is Z-X-Y, the angle of the 
shoulder joint around the x-axis of its coordinate 
system the angle around the z-axis of its coordinate 
system can be obtained from the equation (16). 
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hence: 
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For  sx
, one set of solutions is 

    2 2
tan 2 ,sx s s sa E z E x E y      

     (21) 

another set of solutions is: 

' sx sx

sx

sx

   (if  sinθ >0)

          (else)

 


 


 

 

                      (22) 

 
Similarly, for sz

, one set of solutions is: 

tan2( )，    sz s sa E x E y                             (23) 

' tan 2( )，    sz s sa E x E y                         (24) 
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When calculating the final solution of  sx
andsz

, 

it needs to be compared with the result of the 
previous moment and select the set of solutions with 
a small amount of change as the final solution. 

Similarly, the angle of the shoulder joint around 
the y-axis of its coordinate system can be obtained 
by equation (25). 

 

 

 

0 0 0 1

1

     

   

T

sz sx sy se e ew

T

s s s

T T T T T T

W x W y W z

         (25) 

 
where 

eT  is the elbow joint coordinate system 

rotation matrix, 
ewT  is the translation matrix of the 

elbow joint coordinate system to the wrist joint 
coordinate system. 

 
C. Wrist joint 

The normal 3 groups ROM of wrist joint angles 
are all within [-90°, 90°], and the numerical value is 
the deviation of the hand coordinate system from the 
wrist joint coordinate system. Therefore, the 
rotation angle wx

,wy
and wz

of the wrist joint can 

be calculated directly by the coordinate vector 
projection method. 

 

/ ( )  wx hw wy hw wy                                  (26) 

 
where hw  is the projection of the vector formed 

by hand coordinate system centre to the wrist joint 
coordinate system centre on the YOZ  plane in the 
wrist coordinate system, wy  is the directional vector 

of the y-axis of the wrist joint coordinate system. 
 

/ ( )  wy hx wx hx wx                                    (27) 

 
where hx  is the projection of the x-axis 

directional vector of the hand coordinate system on 
the YOZ  plane of the wrist coordinate system, wx  is 

the directional vector of the x-axis of the wrist joint 
coordinate system. 

 
'

= / ( ) wz hw wy hw wy
                                  (28) 

 
where '

hw
 is the projection of vector formed by 

hand coordinate system centre to the wrist joint 
coordinate system centre on the XOY plane in the 
wrist coordinate system, wy  is the directional 

vector of the y-axis of the wrist joint coordinate 
system. 

The algorithm above provides the calculation 
method of shoulder, elbow and wrist joint centre 
position and 7 DOF joint angle. The positive and 
negative values represent the direction of rotation 
when calculating the wrist joint angle, the value is 
positive when it is rotated clockwise along the 
positive direction of the coordinate axis specified in 
the paper. 

 

4. Experiments and Results 
 

This paper takes the right arm as an example to 
performs single degree of freedom experiment and 
activities of daily living (ADL) motion experiment 
respectively to judge whether the algorithm 
calculation result is in line with the actual motion 
situation. 
 

4.1. Experimental equipment 

 
The optical motion capture system is the most 

accurate motion capture system which is usually 
used as a measurement standard to verify the 
accuracy of other motion capture systems [18][19]. 
The Optitrack optical motion capture system is used 
in this study to verify the correctness of the 
algorithm. Each rigid body is constructed by multiple 
markers that can be recognized by cameras, the rigid 
body B1~ B7 is fixed to the experimenter by a 
bandage as shown in Figure 4. 

 
 

Figure 4: Optitrack motion capture system and rigid 
bodies, B4 ~ B7 are worn on the left arm which are not 

shown in this figure 
 

4.2. Subjects and experimental procedure 
 

A healthy male volunteer without any dyskinesia 
with the age of 23 years is included in this 
experiment. The volunteer is asked to perform single 
degree of freedom experiment exercise experiment 
and ADL motion experiment.  
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The single degree of freedom rotational motion of 
the shoulder, elbow, and wrist joints is performed in 
the experiment, and the subject is required to return 
to the initial position after the reciprocating single 
joint motion from the static calibration initial 
position. ADL-based exercise ability assessment is 
widely used in sports, injury, rehabilitation and joint 
flexibility evaluation [20].  

This paper selects the water pouring action to 
analyse the kinematic parameters of the upper limbs, 

which requires the subject to proceed from the 
initial position, and then complete a series of actions 
of taking a cup, pouring water, and returning to the 
initial position. 

 

4.3. Result 
 
A. The angle curve of each joint in the single joint 
motion experiment is shown in Figures 5, 6 and 7. 

 
 

Figure 5: Shoulder joint angle of the single degree of freedom experiment, these curves show obvious periodicity. 
 

 

Figure 6: Elbow joint angle of the single degree of freedom experiment, the elbow initial angle approached 90° and 
finally returns to the initial position. 

 
 

Figure 7: Wrist joint angle of the single degree of freedom experiment, these curves also show obvious periodicity. 
 

The results of single joint motion experiments 
show that the joint angle changes of the 7 groups 
show obvious periodicity, which is in line with the 
actual motion. The joint angle change curve is close 
to the sine function. The occurrence of burrs in the 
peaks and valleys of the curve is due to the vibration 
generated by the braking at the extreme position. 

Since the upper limb of the subject is offset from the 
standard position at the initial moment, the initial 
joint angle is not 0°. 

 
B. Changes in joint angle and the hand coordinate 

system centre trajectory in the ADL experiment are 
shown in Figures 8, 9, 10and 11. 
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Figure 8: Shoulder joint angle of the ADL motion experiment: the shoulder flexes firstly forward about the z-axis of 
shoulder joint coordinate system, and it is accompanied by the tiny internal rotation of the shoulder joint when 

catching cap and pouring water. 
 

 

Figure 9: Elbow joint angle of the ADL motion experiment: it is accompanied by the flexion and extension of the 
elbow joint when the arm is extended forward to take the cup, and returns to the initial position when the pouring 

action is completed. 
 

Figure 10: Wrist joint angle of the ADL motion experiment: the wrist joint rotates around the y-axis of wrist 
joint coordinate system at a certain angle to complete the pouring action. 

 
 

Figure 11: Position of the hand coordinate system centre of the ADL motion experiment: during the pouring 
process, the position of the hand coordinate system centre during the forward and backward movement of the arm 
leads to a significant change in the position in the x-axis direction and a small displacement in the y-axis and z-axis 

direction in the global coordinate system. 
 

The main involved movements during the ADL 
experiment include flexion and extension of 
shoulder joint, flexion and extension of elbow joint, 
and pronation and supination of wrist joint. As can 
be seen from Figures 8, 9 and 10, the shoulder flexes 
forward around the z-axis of the shoulder coordinate 
system firstly, and the flexion and extension of elbow 
joint at the same time helps the upper limb to take a 

cup, and then the wrist joint pronates at a certain 
angle around the y-axis of the its joint coordinate 
system to complete the pouring action.  Finally, the 
shoulder joint, the elbow joint, and the wrist joint 
return to the initial position sequentially. Figure 8-
11 show that the result of the algorithm can 
accurately describe the kinematic parameters of the 
upper limb joints. 
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5. Conclusions 
 
The algorithm proposed by the combination of 
kinematic chain method and vector projection 
method to measure the kinematic parameters of 
upper limbs realizes the real-time measurement of 
the shoulder, elbow and wrist joint position and 7 
DOF joint mobility, which is verified on the capture 
system and the results can meet the data 
requirements of quantitative evaluation of upper 
limbs. Compared with other upper limb kinematic 
parameters calculation methods, the measurement 
content is more complete. In the future, the method 
of this paper can be applied to the measurement of 
kinematics parameters in the lower limbs and other 
aspects, which will apply more quantitative 
description of the movement characteristics of the 
limb. 
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