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ABSTRACT

Three-dimensional human range motion measurement system is developed by inertial 
sensor technology and wireless bluetooth acquisition technology. This paper describes 
the internal structure and the data processing method of the measurement system in 
detail. This measurement system is capable of testing the range of each joint motion, 
and can be easily carried to the rehabilitation hall, wards and other occasions for test 
and evaluation. It plays an extremely important role in its application in monitoring 
rehabilitation process, assessing disability, doing scientific research, and in many other 
fields. Three experienced teachers tested the range of motion of cervical spine, lumbar 
spine, right side of the shoulder, elbow, wrist, hip, knee, ankle, and other joints of ten 
college students. Through comparing the test results and the obtained results of this 
measurement system by using the method of paired samples T-test, they got the results 
that the bilateral significance level (Sig) was greater than 0.05, which can be considered 
that there were no significant differences between these two sets of results. Then it 
verifies the validity of the data in this system.
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RESUMEN

Se desarrolló un sistema de medición del rango humano de movimiento tridimensional 
por medio de un sensor de inercia y con adquisición de datos por tecnología inalám-
brica (bluetooth). Este trabajo describe en detalle la estructura interna y el método 
del procesamiento de datos del sistema de medición. El sistema es capaz de probar 
el rango de movimiento de cada articulación y puede ser transportado con facilidad 
a las salas de rehabilitación y a otros pabellones para prueba y evaluación. Tiene un 
papel muy importante en el monitoreo del proceso de rehabilitación, para evaluar la 
discapacidad, en la investigación científica y en muchos otros campos. Tres profesores 
experimentados probaron el rango de movimiento de la espina cervical y lumbar, el lado 
derecho del hombro, el codo, la muñeca, la cadera, el tobillo y otras articulaciones de 
diez estudiantes universitarios. Al comparar, por medio de la prueba de T de muestras 
pareadas, los resultados de pruebas con los obtenidos con el sistema de medición, se 
obtuvo una relación significativa bilateral mayor que 0.05, por lo que puede considerarse 
que no hay diferencias significativas entre los dos grupos de resultados. Por lo tanto, 
se comprueba la validez de los datos de este sistema.
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INTRODUCTION

The range of motion (ROM) refers to the range 
of the movement of a joint from its beginning to its 
end. The evaluation of the range of motion is the pri-
mary assessment process to some physical function 
disorders, such as arthritis, fractures, burns and hand 
injuries, etc., which can cause the limitation of joint 
motion. Traditional tools used to measure the ROM 
are protractors. However, the application of measur-
ing the ROM by protractors has many disadvantages. 
First, the test results are not accurate because of the 
impact of human factors in determining the osseous 
mark of the joint, aligning the axis of the protractor 
with the joint axis, and making the fixed arm and the 
movable arm of the protractor parallel to the proximal 
and distal bone axis (Mohamad Zainal et al. 2017; 
Razali et al. 2017). Usually, several doctors may have 
very different test results towards the same joint of 
the same subject. Second, the traditional measuring 
process of using protractor is cumbersome, which 
costs a very long time and gives a large burden to 
physicians and patients. Finally, it is easy to generate 
medical disputes due to the artificial measurement 
of the test result, especially during the disability ap-
praisal process of CDPF hospital, because the results 
of the ROM test related to the disability appraisal lev-
els and economic interests, which is easy to produce 
legal disputes (Lu et al. 2018). In order to solve the 
above problems existing in the traditional measuring 
process of the ROM by using protractors, and to make 
the measurement of the motion of each human joint 
convenient and fast, three-dimensional human range 
of motion measurement system is developed (Ji and 
Li 2000; Zhao and Li 2008). 

TEST PRINCIPLE AND METHOD

Three-dimensional human range of motion 
measurement system includes a homemade attitude 
measurement system based on inertial sensor. The 
system can output a high precision attitude angle of 
high precision and other data. Fix the proximal aspect 
of the subject’s test joint and tie the inertial sensor 
to the distal aspect of the test joint by straps. The 
distal part of the test joint does the greatest range of 
motion in each axis direction, and at the same time 
the inertial sensor does the same movement with the 
joint and updates and records the largest angle values 
on the three-axis, which are the values of the range 
of motion (Gu and Zhang 2018). Therefore, it is 
convenient to record the largest ranges of angle value 

of the test joint on every axis, which is the range of 
joint motion. The three-dimensional attitude output 
is defined as the position between inertial sensors 
itself coordinate S and the earth-fixed coordinate G. 
It uses the earth-fixed coordinate G as the reference 
coordinate system and follows Descartes’ right-hand 
rule (Fig. 1). 

SYSTEM COMPOSITION

System hardware
Three-dimensional human range of motion 

measurement system mainly consists of homemade 
inertial attitude test equipment and test software. 

The hardware of the three-dimensional human 
ROM measurement system mainly includes a home-
made attitude measurement system based on inertial 
sensor. The system can output a high precision at-
titude angle of high precision and other data. The 
internal structure of the system includes the inertial 
sensor section, ARM processor section and Bluetooth 
wireless transmission section (Fig. 2). 

Fig. 1. Definition of coordinate system

	Fig. 2. Internal structure of attitude measurement system
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Inertial sensor section includes three orthogonal 
collocation micro gyroscopes, three accelerometers 
and three micro-micro-magnetometers. They are 
directly fixed on the movement link. The signal is 
measured to be angular rate, linear acceleration, 
and magnetic force value, which moves along the 
axis of movement link coordinate system, and these 
values are relative to the inertial space. The data 
are collection frequency 100Hz, angular velocity 
measurement range ± 1200 º / s, linear acceleration 
measurement range ± 16g, magnetometer measure-
ment range ± 1200μT (Li and Zhao 2012; Hu and 
Ma 2008; Qin and Shi 2009; Ememu and Nwank-
woala 2018). Due to a large number of numerical 
calculations, the control unit adopts 32-bit STM-
32F103ARM, a single chip microcomputer, which 
has the ARM Cortex-M3 processor to complete 
the function of controlling, data collecting and 
processing, data communicating, and other func-
tions. Through using the normalization method, the 
linear acceleration data reduces errors caused by 
the measurement difference of each axis. Adjust the 
sensor attitude and test the maximum and minimum 
of each axis. It is measured that the maximum value 
of the X-axis is Axmax, the minimum value of X-axis 
is Axmin; the maximum value of the Y-axis is Aymax, 
the minimum value of Y-axis is Aymin; the maximum 
value of the Z-axis is Azmax, the minimum value 
of Z-axis is Azmin. The formula of normalization 
method is as follows: 
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Ax' 、Ay' 、Az' are respectively the actual measure-
ment data at X, Y, Z-axis. Ax' 、Ay' 、Az' are the nor-
malized data. The gyroscope uses three- dimensional 
turntable to realize full temperature calibration and 
adopts least-squares linear fit. Then it can correct 
the integral angle error and can reduce the impact of 
its drift. By using the method of stereoscopic eight 
characters calibration, the magnetometer determines 
the size and direction of the fixed magnetic field 
interference vectors (Elmnifi et al. 2018). Shake 
the sensors, which need to be calibrated, in the air, 
and make its shaking track like an Arabic number 
eight. Let the normal direction of the sensor point to 
all eight quadrants of space as much as possible so 

that we can get enough sample points and can use 
them to calculate the size and direction of the fixed 
magnetic field interference vectors. The formula is 
as follows:

( ) ( ) ( ) 2222 RMMM zzyyxx =−+−+− γγγ  (2)   

Mx 、My 、Mz are respectively the actual measure-
ment data at X, Y, Z-axis. γx 、γy 、γz are respectively 
the components of the fixed magnetic field interfer-
ence vectors at X, Y, Z-axis. R is a constant (Kim et 
al. 2007; Ang et al. 2007; Song and Kin 2009). Use 
the method of Kalman filter to integrate the collected 
data and let them be closer to the true value (Chen 
1986; Chen and Zhong 2007; Ali et al. 2018). In 
order to avoid the cardan shaft lock generated by 
Euler angles, the constructed attitude data uses the 
quaternion form. The solving equation is as follows:
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q is a quaternion vector. ωx 、ωy 、ωz are the 
components of ω. Through solving the above equa-
tion, we get the attitude expressed by quaternion. 
However, as the quaternion form cannot intuitively 
express the angle change of each axis, we turn the 
quaternion into the form of Euler angle. The formula 
is as follows:
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q0 、q1 、q2 and q3 are the components of q·φ 、θ 、ψ 
are respectively the rotation angle, pitch angle and 
heading angle of Euler angles (Fig. 3). (John et al. 
2009; Damsgaard et al. 2006; Tang et al. 2009; John 
et al. 2008; Abija and Nwankwoala 2018).

Finally, the navigation parameters are processed 
into the required data format. Add data header and 
parity bit to the data to reduce possible misreading 
of Bluetooth wireless when transmitting. The data 
is transmitted from Bluetooth transmission to the 
Bluetooth receiver which is connected to the com-
puter. Then it enters the software which is running 
on the computer.
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System software
Three-dimensional human ROM measurement 

system software can be run on windows operat-
ing system platform. It is written in VC ++ 6.0 
language, and is composed of three modules: 
subjects’ database, test interface and test results 
analysis interface.

Subjects database manages the information of 
the subjects, such as name, gender, age, height, 
weight, etc. The information can be easily added, 
modified, deleted, searched or else. Test interface 
includes a control window, a display of a three-
dimensional skeleton model in the test, a display 
of a histogram of the test data, the maximum range 
of motion for each axis direction, and other data 
displays (Aldaihani and Alenezi 2017). The data 
names in the software will automatically change 
with the actual test joints. For example, when test-
ing the cervical range of motion, the pitch angle, 
rotation angle, and heading angle of Euler angles 
are respectively corresponding to the flexion and 
extension, lateral flexion, and the rotary joint angle 
of the cervical spine. Software testing interface is 
shown in Fig.4. Test result analysis interface in-
cludes longitudinal data analysis for single person 
and lateral data analysis for multiple people. Data 
display includes numeric display, two-dimensional 
and three-dimensional histograms, graphs, pie 
charts, box diagrams, overlay charts, scatter plots 
and other statistical data displays. And the analysis 
results can be printed (Fluit et al. 2012; Lemieux et 
al. 2012; Jasielec et al. 2012; Hanafiah et al. 2017).

EXPERIMENTAL TEST

After the three-dimensional human ROM mea-
surement system has been completed, the following 
experimental test was carried out at the biomechanics 
class of the undergraduate students in Beijing Normal 
University. When performing the experiment, the 
class was divided into many groups in the form of 
groups of three. In each group, one person operated a 
computer, one played a role of a subject, and the last 
person assisted the test. After the test, they took turns 
to act as subjects, and every one of them was tested 
once. The assistant student fixed the proximal aspect 
of the subject’s test joint and tied the inertial sensor to 
the distal aspect of the test joint by straps. The student, 
who used computer, operated system software, entered 
subjects database, inputted the subject information, 
entered the test interface, clicked the Start button, and 
established a connection between the sensor and the 
computer so that the subjects’ test joints remain in a 
neutral position, and clicked Initialize button to make 
X, Y, Z-axis direction angle value return to zero. After 
heard the command to start, the subject initiatively let 
the test joint do the greatest range of motion in each 
axis direction. The computer software automatically 
recorded the maximum and minimum values at each 
axis direction, which are the values of the range of 
joint motion. The cervical spine, lumbar spine, right 
side of the shoulder, elbow, wrist, hip, knee, ankle and 
other joints of each student were tested for its range 
of motion. Moreover, the results of each test joint of 
every subject were recorded three times. 

VALIDITY CHECK

In order to test the performance of three-di-
mensional human ROM measurement system, in 

Fig. 4. Three-dimensional human ROM measurement system 
software test interface

	Fig. 3. Definition of Euler angles
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the above experimental test, ten male students who 
were at the biomechanics class of the undergradu-
ate students in Beijing Normal University were 
randomly selected (They were 22.3 ± 1.34 years 
old, 175.2 ± 3.24 cm, 69.3 ± 5.72 kg). The cervi-
cal spine, lumbar spine, right side of the shoulder, 
elbow, wrist, hip, knee, ankle and other joints of 
these ten students were tested for its range of motion 
by three experienced teachers. The results of each 
student were recorded three times. And the average 
of the results was taken.

In SPSS software environment, the two sets of 
data were conducted normality test analysis. Fina-
lly, they were tested through paired samples T-test 
method (John et al. 2008; Han et al. 2013). Table I 
shows the test results. In the table, ROMSys is the 
test data of the three-dimensional human range of 
motion measurement system. Manual is manual test 
data (Masuko et al. 2005; Nimbarte et al. 2003; Bo-
ren et al. 2009). From the statistical data in Table I, 
it is known that after the paired samples T-test, the 
bilateral significance level (Sig) was greater than 
0.05, which can be considered that there were no 
significant differences between these two sets of 
results.

CONCLUSION

This study develops a three-dimensional human 
range of motion measurement system. And this mea-
surement system is capable of testing the range of 
each joint motion, and can be easily carried to the re-
habilitation hall, wards and other occasions for test 
and evaluation. It plays an extremely important role 
in its application in monitoring rehabilitation pro-
cess, assessing disability, doing scientific research, 
and in many other fields. Through the comparative 
analysis of the data obtained respectively by three-
dimensional human range of motion measurement 
system and artificial method, the validity of the data 
in this system is verified.
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