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Abstract—The neurological conditions can cause the 

disability of upper limb and the rehabilitation therapy can help 

the patients to restore their upper limb motion. However, the 

current method for upper limb rehabilitation assessment is very 

basic. The aim of this work is to develop a system and visualize 

the information to support the doctors and clinicians in the 

assessment of upper limb motion of patients who are undertaken 

neurological rehabilitation. Movement tracking including 

position and orientation have been tracked and data analysis 

have been done in both time domain and frequency domain. 

Furthermore, movement smoothness analysis has been done to 

obtain more information from patients’ movement recovery. 

The created information visualization can provide objective 

measurements of patients’ motion recovery and insightful 

information and for doctors and clinicians including the 

frequency analysis and movement smoothness analysis. The 

findings showed the system is able to provide accurate position 

within 0.1 cm and orientation tracking within 1 degree and 

meaningful insights for the assessment of upper limb motion 

functions in daily rehabilitation assessment by providing 

doctors and clinicians with visualizations of the objective 

measurements. 

Keywords—upper limb rehabilitation, inertial sensing, 

information visualization, wearable sensors 

NOMENCLATURE 

𝑃0
𝐴        Position of the joint A in the 𝑋0 − 𝑌0 reference frame 

𝑃0
𝐵        Position of the joint B in the 𝑋0 − 𝑌0 reference frame 

𝑃0
𝐶        Position of the joint C in the 𝑋0 − 𝑌0 reference frame 

𝜃𝑖          The angle from 𝑥𝑖−1 to 𝑥𝑖 measure along 𝑧𝑖 

I. INTRODUCTION  

Neurological conditions and disorders are the most 

common cause of adult mental and physical disabilities. One 

outcome of acquiring neurological deficit can be dysfunction 

of upper limb function [1]. Rehabilitation, which usually 

includes occupational therapy and physiotherapy, can help to 

ease symptoms, and regain upper limb function [2,3]. 

Assessment of recovery is an important aspect of any 

rehabilitation program [4–6]. In general, most of the currently 

available assessments are viewed and scored by therapists 

based on assessment scales and decision rules. A number of 

clinical assessment rules of the motor function were widely 

used including Fugl-Meyer [7] and Motor Assessment Scale 

[8], Modified Ashworth Scale [9] and etc. However, these 

clinical scales do not provide objective data on the physical 

movement of the upper limb or lack of objective feedback on 

the recovery of function during the rehabilitation programs. 

The availability of a system to provide objective data on 

passive and active upper limb movement should help in the 

assessment of recovery and the evaluation of additional data 

provided by the system. 

Choosing a suitable motion monitoring system for use in 

a clinic or general hospital poses restrictions on what is 

acceptable to the clinician as well as to the patient. Visual or 

video tracking systems are well proven for motion analysis 

and meet the requirements for upper limb tracking [10–12]. 

However, they are relatively complex, expensive, require 

careful setup and are not suited for use in a general hospital 

clinic. More recently, non-visual tracking technologies using 

inertial, mechanical, acoustic and magnetic sensing have 

been developed for more general clinical use. Of these 

technologies, inertial sensors and the application of kinematic 

modelling has demonstrated possible advantages for human 

motion tracking over other technologies in terms of 

effectiveness and operability [13–16]. Various studies have 

showed good accuracy in human upper limb motion tracking 

based on inertial measurement unit [10,17]. In addition, some 

gaming sensors have been used in the human motion analysis 

and rehabilitation assessment including Microsoft Kinect 

[18–21], and Nintendo Wii and Sony Move [22,23]. 

The aim of this study is to develop an upper limb motion 

monitoring system to provide doctors and clinicians with 

insightful information and visualizations about the patients’ 

motor recovery in daily rehabilitation assessment during the 

rehabilitation programme. This assessment system should 

enable the clinicians to obtain repeatable and objective 

measurements of the progress and efficacy of the 

interventions in clinic. The proposed system and clinical tests 

were evaluated and validated in both lab settings and clinical 

settings in the previous studies [24–26]. A GUI tool has been 

developed to provide visualisations for the doctors and 

clinicians with a variety of objective assessments which are 

tested based on an inertial sensing system. It will also provide 

potential applications in home environment. 

II. METHODS 

In order to accurately track 3D position and orientation of 

the human upper limb motion, two position tracking 

algorithms are used including kinematic modelling and dead 

reckoning method (As seen in Fig. 1) based on the data 

obtained from accelerometer, gyroscope and magnetometer. 

Furthermore, frequency analysis and movement smoothness 
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analysis have been done to provide additional insightful 

information. Details of these algorithms will be discussed in 

the subsections below. 
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Fig. 1. Inertial tracking (Orientation and position tracking) algorithms 

used in this project 

A. Kinematic model 

The Kinematic model, which is based on the upper limb 

segments linked by joints, derives the position of each upper 

limb segment from the orientation outputs of the sensors on 

each limb segment [17]. Multiple sensors are required to 

build up the Kinematic model. 

This two-link planar kinematic chain for the human arm 

is shown in Fig. 2. Points A, B and C in the figure represent 

three joints, the shoulder, elbow, and wrist, respectively. The 

reference frame transaction below uses the right-hand rule. 

 

Fig. 2. A two-link planar model 

The reference frame is established following the axis of 

the upper limb segments. The upper arm link transformation 

matrix has been established in the equations shown below by 

applying the D-H parameters [27] in the Equation (2) and 

Equation (3), 𝑃1
𝐴, 𝑃1

𝐵 and 𝑃2
𝐶 are the position data for the 

three joints, A, B and C. 𝑃0
𝐴 , 𝑃0

𝐵  and 𝑃0
𝐶  represent the 

position data of joints A, B and C in the reference frame 𝑋0 −
𝑌0. 
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Equation (2) represents the transformation of position of 

joint B ( 𝑃0
𝐵) from the reference frame 𝑋1 − 𝑌1 to the position 

of joint B ( 𝑃1
𝐵) in the 𝑋0 − 𝑌0  reference frame. 
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        (3) 

where 𝑠1 = sin 𝜃1 , 𝑠1 = cos 𝜃1 , 𝑠12 = sin( 𝜃1 + 𝜃2) and 
𝑐12 = cos( 𝜃1 + 𝜃2) . Equation (3) represents the 

transformation of position of joint C ( 𝑃0
𝐶) from the reference 

frame 𝑋2 − 𝑌2  to the position of joint C ( 𝑃2
𝐶) in the 𝑋0 − 𝑌0  

reference frame. 

To apply this model, the sensor orientation and the length 
of the arm segments are required inputs to the Kinematic 
model. 

B. Dead reckoning 

In order to explore the feasibility of using a single sensor 
to track the movement of one segment, the DR method [28] is 
used. The details of the implementation of this method can be 
found in the previous study [17]. The implementation of this 
method can potentially simplify the sensing system setup and 
reduce the cost of an upper limb motion monitoring system. 

C.  Frequency domain analysis 

Pathological tremor can be correlated to specific 

diagnosis of some conditions such as Parkinson’s disease and 

essential tremor, and is also useful in the assessment of the 

rehabilitation process. In the measurements made in this 

research, tremor usually most obviously presents itself in the 

acceleration data and also the accelerometer is sensitive in 

picking up the small movement. Analysis of the acceleration 

frequency spectrum should provide objective information on 

the amplitude and frequency content of the tremor. In the 

frequency analysis, the Fast Fourier Transform (FFT) has 
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been used. Moreover, as the presence of low level tremors, 

which are difficult to detect using conventional screening, 

can precede the normal diagnosis of these conditions (e.g. 

Parkinson’s disease and essential tremor) by several years 

[29], this analysis may prove to be a useful diagnostic tool.  

D. Movement smoothness analysis 

Movement smoothness is an important parameter used in 

assessing upper limb motion. And in evaluating the patient’s 

motor recovery, which has been investigated in stroke 

patients [30–32]. Two useful parameters used in quantitative 

movement smoothness measurement are the Movement Unit 

Number (MUN) and the Normalised Jerk Score (NJS).  

MUN is considered to be a useful parameter used in the 

quantitative measurement of upper limb motion [33,34] and 

can be used to describe the movement smoothness. It has 

been used to analyses the movement of different upper limb 

segments including upper arm, lower arm, shoulder and hand 

in this research. MUN is defined as the total number of zero 

crossings in the acceleration signal. A smaller value of MUN 

indicates a smoother movement (e.g. the visual presentation 

of a healthy volunteer) while a bigger value of MUN indicates 

a jerkier movement with a number of irregularities (e.g. a 

visual presentation of a patient).  

The NJS has also been used to estimate the movement 

smoothness related to stroke patients’ movement analysis 

[33]. It is an evaluation of the sudden change of the 

movement and it can also be used as an indication of the 

trajectory smoothness. A smaller value of the NJS indicates a 

smoother trajectory while a bigger value of NJS indicates a 

jerker movement trajectory. The evaluation of this variable 

had been carried out on both healthy volunteers and patients. 

Equation (4) [33] is used to calculate the NJS. In this equation 

the position data used to compute NJS is the estimation from 

the kinematic model. In the equation (4), t1 and t2 are start 

and end time for a period of movement respectively, t is the 

movement time, l is movement distance, and (x, y, z) is the 

position coordinates. 
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III. IMPLEMENTATION 

The system software was developed to provide the user 

with the option of using either of the two position tracking 

methods - the Kinematic modelling and the DR method. Data 

from multiple sensors is needed if the kinematic model is 

used while only data from one sensor is needed when using 

DR method. In the kinematic model, upper limb lengths 

(upper limb lengths are the inputs of this GUI) are used 

together with the Rotation matrix of the upper limb segments 

to compute the displacement of associated arm joints in the 

required reference frame - usually the trunk or shoulder 

reference frame. The DR method uses double integration 

method and applies drifts correction methods for position 

estimation. The data processing and analysis techniques have 

been described in the Method section. 
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Fig. 3. Flowchart of the GUI interface 

After the assessment has been recorded, the clinicians are 

able to continue to use this GUI to select and present the 

required data analysis. Fig. 3 shows the flowchart for this 

GUI. The main window contains the movement tracking and 

movement smoothness analysis. The position tracking, 

orientation tracking, and frequency analysis tracking 

subpages are included in the movement tracking. The above 

flow chart now has to be broken down into accessible GUI. 

A. Overview page 

From the home page, the user can implement basic 

movement data acquisition and analysis of upper limb 

movement data. In the overview page (See Fig. 4), the user 

faces a list of choices of different analysis including position 

tracking, orientation tracking, frequency analysis and 

movement smoothness analysis. 

 
Fig. 4. The overview page 



Journal of Robotics and Control (JRC) ISSN: 2715-5072 492 

 

Lu Bai, A Sensor Based Assessment Monitoring System for Patients with Neurological Disabilities 

B. Position tracking – Kinematic model 

The Kinematic model and the DR method for position 

tracking are used here. In this position tracking GUI subpage, 

there are three options for upper limb position tracking as 

shown in Fig. 5. Two different tracking methods are available 

to users for different sensing systems including single sensor 

system and multiple sensors system. 

Here data acquired using 4-sensors and data from a nine-

hole peg test is chosen as an example to explain the functions 

and operation. Initially, press the button MTx 1, MTx 2, MTx 

3, and MTx 4 to choose which sensor data that will be 

processed from the file directory as shown in Fig. 6. 

And then input the upper arm and lower arm lengths in 

the edit text box since these two parameters are subjected 

dependent. The reference frame is in the trunk reference 

frame. Finally, the data can be displayed as ‘Position 

Coordinate’ and ‘Movement Trajectory’. An example of the 

result plots is displayed in Fig. 7. 

 

Fig. 5. Position tracking (Dead Reckoning & Kinematic Modelling) 

 

Fig. 6. Position tracking subpage (data selection from folder).

 

Fig. 7. Position coordinates and position trajectory plots for a nine-hole peg test 
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The 3D trajectory tracking is displayed at the top (3D 

position trajectory on all three axes), the position tracking 

along the horizontal axis of the test table against time is in the 

middle and the position tracking along the vertical axis of the 

test table against time is at the bottom. The 3D trajectory 

indicates how the tracked segment moves through the 3D 

space. The position tracking on horizontal axis and vertical 

axis of the test table are of possible interest to clinicians since 

these position tracking results are related to the pegs location. 

It should be noted that this is the first attempt at 

developing this analysis software. Fig. 7 only presents the 

basic data and may be difficult for the clinicians to interpret. 

Once the system has been evaluated and feedback obtained 

from the clinicians, the analysis software and how the data is 

presented can be further improved to meet the clinical 

requirements. Therefore, further analysis and evaluation is 

required - perhaps looking at related parameters such as 

movement smoothness. 

C. Position tracking – Dead reckoning 

After selecting the ‘Single Sensor Tracking’ button 

shown in Fig. 5, the single sensor position tracking is 

presented in Fig. 8. Similarly, as for the previous kinematic 

modelling subpage, the motion data of sensor is selected by 

clicking the button ‘MTx1’. The computations of these three 

vectors use the DR method to minimize the drift in estimating 

the linear velocity and position. 

 

Fig. 8. Single Sensor Position tracking (uses Dead Reckoning) 

Again the presentation of these computations is probably 

too detailed for easy analysis by the clinician. At present 

automated measurement of some of the timing and magnitude 

parameters has been implemented. However as is the case for 

the analysis of the data gained from the kinematic model, 

further evaluation will be required to identify what analysis 

the clinician thinks are important and how that data should be 

presented. 

D. Movement Tracking - Orientation Tracking 

Limb segment orientation and changes in that orientation 

with time is one of the important parameters identified by the 

clinician. In total, three sensors are currently used to track the 

orientation of the upper and forearm segments of the upper 

limb. The orientation analysis subpage is shown in Fig. 9.

 

 

Fig. 9. Orientation tracking subpage 
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Any of the orientations related to the 7 DOF range of 

motion tracked by this measurement system can be selected 

here. The orientation tracking for each segment can be 

analysed and displayed by clicking the corresponding ‘joint’ 

buttons. The directories of patient measurement files are then 

presented and the required data file can be selected. Fig. 10 

shows an example of a single measurement of the shoulder 

abduction range of motion from a healthy volunteer. It can be 

seen that the movement is very smooth and the range of 

motion of the abduction is around 160 degrees.  

 

Fig. 10. Orientation tracking plot for healthy volunteer’s shoulder abduction 

range of motion  

E. Movement Tracking – Frequency Analysis 

 

Fig. 11. Frequency analysis subpage (frequency analysis of a nine-hole peg 

test)  

A basic frequency analysis option can be selected from 

the home page (Fig. 4). The frequency analysis is carried out 

on the linear acceleration data. Before the analysis, the user 

should choose the sensor which will be analyzed and click the 

corresponding ‘MTx’ button at the right side of this subpage 

to choose the data file. Then click the ‘plot’ button, the 

acceleration, its frequency spectrum and spectrogram will be 

plotted in the picture boxes respectively. This is a very basic 

analysis as it is not possible to select the time period of which 

the analysis is made. If this analysis proves to be of use, then 

this feature can be further developed. An example of this 

analysis is shown in Fig.11. The results shown in Fig. 11 is 

from a nine-hole peg test. Both the frequency spectrum and 

spectrogram are presented. From the spectrogram, the start 

and the end of the nine peg movements can be clearly seen 

and the frequency amplitude is thought to be correlated to the 

energy of the motion. 

The linear acceleration is used here for the frequency 

analysis and the resultant frequency spectrum and 

spectrogram plots presented. The spectrogram is able to 

provide both frequency information and time information in 

one plot, and therefore, it can give extra information to the 

clinicians on the change of the patient’s upper limb 

movement frequency against time. If this does prove to be the 

case, then the way in which the data is presented will require 

some refining in order to speed up analysis by the clinician. 

F. Movement Smoothness Data analysis 

In the method section, the idea that the measurement of 

movement smoothness by calculating MUN and NJS could 

help evaluate the patient’s motor recovery was discussed. 

This GUI, as shown in Fig. 12, enables the user to obtain the 

calculated MUN and NJS for all the upper limb joints 

including elbow, wrist, hand and shoulder.  

 

Fig. 12. Movement Smoothness Data analysis subpage  

The user needs to re-select the MTx sensor which is to be 

analyzed after the previous analysis. This data can be plotted 

by selecting the ‘Normalized Jerk Score’ and ‘Movement 

Unit Number’ buttons on the top of this subpage. The values 

of NJS and MUN have been computed for different four 

segments. The position trajectory with start (red dot) and end 

(green dot) points are marked in the plot. In Fig. 12, the 

position trajectory is the result from a nine-hole peg test. In 

order to help the clinician, relate these scores to the actual 

movement the position trajectory is plotted and velocity data 

are also displayed on the same page. In this case the peak 

velocity is plotted in Fig. 12, in which the positive and 

negative peak velocity of the plot is marked with red dots. 

If necessary other parameters such as position against 

time could be plotted if that helps the clinician understand the 

relationship between the jerk and movement scores with the 

recorded movement trajectory. In addition, the value of the 

position trajectory would be useful and can be a good 

estimation of the movement smoothness when compared with 

the ideal value of the position trajectory. 

IV. CONCLUSION 

This paper presents the GUI development to enable the 
technical user to access and display some of the basic analysis 
parameters. Three subsections have been developed to enable 
the basic display of the position, orientation and frequency 
tracking data. By using this GUI, the user can carry out a basic 
analysis of the stored patients’ data. The plotting of the 
position and range of motion (orientation) graph will give the 
clinicians an alternative view of the patients’ movement. The 
frequency analysis can be a very useful tool in analysing the 
tremor patients. The movement smoothness data (data 
analysis subpage) analysis may give an easy quantitative 
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analysis of the patients’ movement performance recovery. 
Unlike the traditional assessment (rating scales) that simplify 
the measurement result to a value to describe patient’s 
performance, this visualisation design gives the clinicians a 
different presentation of movement data in which the 
movement plot (e.g. position tracking, and range of motion 
tracking against time) gives a visualised way in presenting the 
measurements. It helps the clinicians in understanding and 
remembering the movement details of the patients during the 
assessment e.g. a missed peg in nine-hole peg test. The 
parameters such as MUN and NJS can be used to describe the 
movement smoothness which can be used as the objective 
assessment of the upper limb motion. 

The comparable clinical assessment scales such as 
Disability Assessment Score and motor Assessment Scale can 
be included in the future development. Also in future design, 
more useful quantitative values can be presented in order to 
help evaluate the patients’ upper limb performance through 
the GUI along with the kinematic measurement plots. 
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