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Abstract— It is of importance to monitor and assess the
upper limb motion for patients who are under
Neurorehabilitation. Traditionally, scale based methods
were commonly used in daily clinic, however, these scale
based methods were subjective. With the development of
the sensing techniques and advancement of the
computational algorithms, a number of new technologies
and algorithms have been developed to determine the
upper limb motion objectively. This paper provides a
overview of the different methods and sensing systems
involved in upper limb motion assessment in
Neurorehabilitation. The results from this review may help
the clinicians with the selection of the appropriate methods
for upper limb motion assessment for patients under
Neurorehabilitation.
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. INTRODUCTION

Neurorehabilitation is concerned with seeking to restore as
much function as possible through the appropriate
rehabilitation programs. In order to measure the outcome of
rehabilitation and the efficacy of any particular regime a
reliable method for assessing the progress of the patient
throughout the program is desirable. In order to help to acquire
the background knowledge and clarify the contribution of this
research in upper limb assessment, the literature review
explains the background of the upper limb disability from
neurological disorders, the treatment and most importantly the
assessment techniques used for upper limb rehabilitation in
clinic.

This paper presents an overview of the treatment and
assessment of upper limb motion disability from neurological
disorders in neurorehabilitation. The advantages and
disadvantages of different assessment techniques and
measurement systems are presented and compared. Then a
discussion is made to identify a suitable inertial measurement
system for upper limb motion assessment in a clinical
rehabilitation setting.

II. NEUROREHABILITATION OF THE UPPER LIMB

Rehabilitation programs involve occupational therapy and
physiotherapy to help the patients to ease the symptoms,
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regain upper limb mobility and further more to lead an
independent life. In addition, there are also speech and
language therapists, nurses and other specialists working
together in a typical multidisciplinary rehabilitation team.
Occupational therapy takes an important role in rehabilitation
to help the patients to carry out the activities of daily living
(e.g. washing or making a drink). The therapists may also help
patients to develop compensatory strategies to offset the effect
of any impairment to their affected limbs. Additionally, the
Occupational Therapists may also prescribe equipment to assist
the patients with recovery, for example, non-slip plate mat or
cutlery designed for easier holding [1].

Physiotherapy exercises are important in helping with the
relearning of upper limb motor patterns, restoring strength and
skill training with standard care. Physiotherapy is often focused
on helping relieve the effect of joint stiffness or muscle
tightness. If the patients have muscle spasticity, Botox
injections may also be prescribed [2,3].

A. Traditional rehabilitation regimes

Muscle spasticity, contracture, weakness and loss of dexterity
often happen after brain injury [4]. The above symptoms such
as muscle dysfunction are all associated with dysfunction of
the nervous system. Neuromuscular training is usually an
important part of the rehabilitation regimes. It trains the
muscle and can also improve communication between the
peripheral and Central Nervous System (CNS) [5]. However
before any rehabilitation program can be prescribed the
patients’ level of disability has to be assessed. The Disability
Assessment Scale (DAS) [6], Activities of Daily Living
(ADL) [7] and Barthel Index (Bl) [8] are usually used to
measure disability and functional abilities in daily living. In
addition, there is also clinical scale used for assessing the
muscle spasticity e.g. Modified Ashworth Scale (MAS) [9].
Once the type and severity of the disability has been
diagnosed, an appropriate therapy program can be prescribed.
Traditional physical therapies such as Bobath [10],
Brunnstrom [11], proprioception neuromuscular facilitation
[12] and motor relearning have been used for many years.

B. Assistive technologies for upper limb rehabilitation

In recent years, there has been an increase in the development
in assistive technology such as rehabilitation robots, virtual
reality systems and Functional electrical stimulation (FES) to
help patients undergoing upper limb rehabilitation [13].
Assistive and supportive devices are also being used in the
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neurorehabilitation, such as treadmills, biofeedback
equipment, and robotics. These assistive technologies will be
presented in the following sections.

1) Rehabilitation robot

Though physiotherapy exercises are effective, the
augmentation and enhancement of exercise therapy using
assistive technology is of interest to the clinicians [14].
Robotics has proved to be a useful tool in physiotherapy. By
using the computer to control the robot, the constraints and
movement patterns are adjustable to suit the required
movement for different patients in different stages of recovery,
which makes it possible to optimise the restoration of the
patients’ upper limb function [15]. ARM in has been proposed
as a new robot for arm therapy [16], which is based on a
mechanical structure providing six DOF rotations. DC motors
are used to actuate the arm movement and are equipped with
sensors for position and velocity measurements and a closed-
loop control system is used for processing the outputs and
providing the new input for the robot. A user interface
provides visual feedback to the patient and some control over
the system settings. Both passive-mode and active-assisted
mode are available with most of the robotic devices. In the
passive mode, there is no patient’s voluntary movement, and
patient’s arm is moved along the prescribed trajectory by the
robot. In the active-assisted mode, the patient initiates the
movement and is provided with mechanical assistance by the
robot [17].

By using the rehabilitation robotic, the patients’ movements
can be constrained to follow a fixed and predetermined
movement trajectory. It is claimed to be a promising and useful
approach in upper limb rehabilitation treatment [18]. The
rehab-robots could be worked as a tireless system to replace
therapists once the treatment has been prescribed and the
system set-up. This system can also provide more therapy
without trying up the limited therapy resources. Additionally,
the system can also record the patient movement to provide
feedback in the patient’s progress during rehabilitation. The
above features are some of the advantages that using a robot
can have over the standard therapy. At present there are several
kinds of rehab-robots available for physiotherapy in patients’
rehabilitation [19]. Different assistive robots have been
assessed, such as the MIT-Manus [20], Mirror Image Motion
Enabler (MIME) [21], ARM in [16], and ARM Guide [22].
Robot can provide the movement if there is no patient’s
voluntary movement and also facilitate the patients’ voluntary
movement through providing assistance and guidance. For
example, using the MIT Manus, the patient’s forearm and wrist
are attached to the robot arm. Usually a display screen is used
to present a specific arm movement assessment test such as
connecting dots to create a picture. A similar rehab-robot, the
MIME can move the upper limb through the prescribed pattern
as well as provide assistance for active movement [21]. There
are also other types of rehab robots which allow the three
degrees of freedom (DOF) shoulder movement, elbow flexion
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& extension, forearm pronation & supination and wrist flexion
& extension. For example, ARM in has six DOF and works
like a robotic orthosis, since the upper limb (both the upper arm
and forearm) are placed inside of the orthotic shell.

Researchers have, therefore, been using a range of rehab robots
in Neuro Rehabilitation [23,24] and comparing their
effectiveness with standard physiotherapy exercise. One
advantage of the robotic rehabilitation is that the robots are
able to provide passive movements for the upper limb [25].
The advantages lie in that not only are the therapists freed from
assisting the patients with physical exercises, but also this kind
of equipment can standardise the quality of the patients’
exercise performance. Kinematic movement information such
as acceleration, velocity, position information can easily be
recorded during the rehabilitation exercise and this information
can be useful in assessing the patients’ limbs motor progress. In
addition, another major advantage might be that the patient can
have therapy more regularly than is possible with the limited
time available from the therapist. Furthermore, together with
the virtual reality, the patients are provided with an interface
through which the patients are able to participate in the
rehabilitation training that can be made into games - game
therapy, which is interesting and motivating to the patients.
However the disadvantages are cost (e.g. a standard ARM in
cost is about £20,000 [26]), physical size, set up requirements
and maintenance. Additionally, another disadvantage lies in
that the therapist now no longer has physical contact with the
patients and therefore the information fed back to this
assessment technique is lost.

2) Virtual Reality (VR)

The concept of VR used in patients’ rehabilitation usually
contains a computer which creates a virtual environment.
Here, VR is a development of the dot joining or maze tracing
exercises and is a simulated world environment created by the
computer. Robotic tools and visualisation techniques are used
to assist the rehabilitation of the patients’ upper limb
physiotherapy and training. For example, the patient can play
a game which is shown on the audio-visual Patient Robot
Interface (PRI) display. In this game-therapy mode, the robot
can guide the patient when the patient is able to complete the
movement with the support of the robot [16].

The sensors on the rehab robots are also able to collect the
human kinematic movement data. This data can then be used as
an input to the VR world. Take ARM in as an example, the
game therapy of the ARM in uses the audio-visual PRI display
to support patients in arm tasks [16]. The effectiveness of this
treatment method has been supported by some recent research
that gives evidence that intensive practice using VR systems
may be useful to help upper limb function (range of motion and
speed of movement) recovery of stroke patients, for example,
the patient had an 20% improvement of the finger range of
motion after a 2-week training program in a case study [27].
The rehabilitation robots together with the VR concept have
made the traditionally manually assisted movement training
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less labour-intensive and can provide objective measurements,
which benefits both the patient and the therapist. During this
treatment, the residual muscle activity and upper limb
movements have been trained [28].

Besides its applications with robot therapy, VR has been
utilised in the rehabilitation games use input devices (e.g.
gaming controller or joystick) based on motion sensing
technologies. The Nintendo Wii is a game controller which was
initially developed for playing video games but has been used
in the patients’ rehabilitation regime. It has been found that
gaming can help the patients have fun, hence improving
motivation, while they are involved in rehabilitation exercises.
The use of rehabilitation robots and VR is to help apply
rehabilitation programs to train the patients’ muscle activities
through which the patients are engaging into more muscle
exercises. When the CNS is damaged, but the peripheral nerves
are still intact, then functional electrical stimulation can be
applied to these peripheral nerves to control specific muscles.

3) FES

In the traditional treatment methods, muscle strength and
power are trained during the rehabilitation program. If the
nerve connections between the muscle and the CNS are
damaged or no longer functional then the direct stimulation of
these affected muscles is possible using FES [29]. FES either
uses electrodes placed on the skin above the muscles or
electrodes surgically implanted under the skin to activate the
neural tissues of the affected extremities (mainly the arms and
legs) for the purpose of restoring some of the muscle function.
In Neuro Rehabilitation, FES can be used as one component of
the treatment because the muscle activation should strengthen
the weak muscle and reduce the spasticity [30]. There is
evidence showing that FES is able to enhance the recovery of
upper limb movement (wrist function has been investigated)
and improve the upper limb functional use in patients in task
orientated training [31]. However it is still not clear how long
the improvements are maintained. Initially, FES was
developed by Liberson in the 1960’s [32], for treatment of
Drop Foot, which is still its most common use. The FES
systems are good at engaging muscles in task execution but
have disadvantages in that the FES is not able to generate the
more complex upper limb motion as robotic systems can [33].
This  brief  overview has presented of several
neurorehabilitation techniques developed to help the patients to
restore their upper movement function. However as has been
mentioned the patient’s recovery and the efficacy of treatment
also needs to be assessed during and after rehabilitation.
Therefore a brief overview of some of the assessment
techniques will be presented in the next section.

I, ASSESSMENT OF UPPER LIMB FUNCTION

Rehabilitation treatment has the important goal which is to
help the patients to recover their limbs motor ability to the
highest level so as to help increase their independence and
quality of life. Therefore, the availability of quantitative
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the

and
effectiveness of the treatment are important. The measurement
of the recovery is complex and different clinical measure

assessment for evaluating patients’ progress

scales and methods are used [34]. However, current
assessment methods are very insensitive and subjective, often
based on the clinicians’ experience and some basic
measurement e.g. timing of specific movements. In some
cases, the assessment results fail to show any measureable
changes in the patients’ performance even when the patient
feels that there has been improvement of the strength and
movement.

At present a range of assessment tests are available to try and
monitor the recovery of the patient and to help the clinician
gauge whether the prescribed rehabilitation program is helping
the patient. Typical tests include the nine-hole peg test (9HPT)
[35], bean bag test [36], water drinking test [37] and range of
motion (ROM) tests [38]. The following section reviews the
different methods and technologies for patients’ mobility
assessment.

A. Traditional assessment techniques

A range of therapy of assessment scales is available to help
assess the recovery of the patient throughout rehabilitation.
Some scales are used to evaluate the physical and cognitive
disability (e.g. BI, DAS, and Functional Independence
Measure (FIM) [39]). To assess the outcome of upper limb
rehabilitation the Fugl-Meyer (FM) Test [40] (impairment
scales), Action Research Arm Test (ARAT) [41], Motion
Assessment Scale, Box-Block Test, and 9HPT are most
commonly used in clinic [42]. Though the above assessment
methods are widely used, they are not able to capture the
dynamic performance of the limb which is thought to be
especially important when assessing motor recovery.

1) DAS

The DAS test has been developed to assess the level of
functional disability of the upper-limb spasticity in several
areas, including dressing, hygiene, limb position and pain [6].
The item score range is from 0 to 3. Though DAS is very
simple, its validity and reliability has been proved and it is one
of the standard assessments used in rehabilitation.

2) MAS

The Ashworth Scale was originally developed to measure
muscle resistance and spasticity in Multiple Sclerosis with a
score system ranging from 0-4. Ashworth scores are tested
flexing the patients’ joints (shoulder, elbow, wrist and
fingers). The scoring is based on the muscle tone according to
the Ashworth scale. A modified scale is made by adding a 1+
into the existed measurement scale in order to present the
muscle resistance between the score 1 and 2 [43].
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3) Motor Assessment Scale

The Motor Assessment Scale was developed by Carr and
Shepherd [44] based on many years’ experience and is
designed to measure the patient’s ability to move with low
tone or in a synergistic pattern and finally move out of the
synergistic pattern to normal movement. It assesses eight areas
of motor function, including supine to side lying, supine to
sitting over side of bed, balanced sitting, sitting to standing,
walking, upper-arm function, hand movements and advanced
hand activities. Under each of the eight activities, there are six
sub items. Each item is scored based on the scale from 0 to 6.
The upper arm function, hand movements and advanced hand
activities are used for assessing upper limb function. In this
scale, 0 is scored if the patient cannot complete any part in a
measurement item while 6 is scored for an optimal motion
behaviour.

4) Box and Block Test

The Box and Block Test [45] is an assessment of gross manual
dexterity. During the test, the patient is asked to transport the
blocks for a time of one minute from one compartment over
the partition board in the middle to the other compartment.
Timing is done by the therapist. The score is the number of
blocks transported to the other compartment.

5) Nine-hole peg test

The 9HPT [35] is a test to assess fine motor control and
coordination (finger dexterity). The patient is asked to pick up
the pegs one at a time from the container and insert them into
the nine holes and the patient is asked to use his or her
preferred way to complete the task. During the test, the
therapist uses a stopwatch to measure the time taken to carry
out the test. This time and whether the task is completed will
be part of the score. The typical completion time for healthy
adults is about 20 seconds [35]. In addition to the above
commonly used clinical assessment tests, there are also other
assessments which focus on the functional ability of the
patients, for example, drinking water, shaving and combing
hair.

B. New measurement techniques for rehabilitation
assessment

Though the above presented assessment techniques and tools
provide a quantifiable score and concerning information on
the performed movement, but the patients’ performance are
based on the therapists’ subjective and observational analysis.
Again the evaluation is fairly crude and subjective. Therefore
additional assessment techniques have been developed which
provide the clinician with additional and more objective data
concerning upper limb function.

1) Visual tracking system

The availability of the video capturing systems has made
visual tracking an effective method for upper limb motion
tracking. A typical visual tracking system consists of one or
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multiple cameras. These systems can be divided into marker-
based and marker-less systems [46].

a) Marker-based visual tracking system

There are several marker-based motion capture systems, such
as the Qualisys and Vicon systems. The Qualisys is a motion
capture system that contains several cameras (usually 5 to 24
cameras), each of which emits a beam of infrared light. Small
reflective markers are placed at specified sites on the subject.
An infrared source located on the camera illuminates the
markers. The reflected light is then picked up by the cameras.
Similarly, the Vicon system was specifically designed for use
in virtual and immersive environments. The application of
these optical systems can often be found in clinical and
research applications, especially in gait analysis and are
considered to be the gold standard in motion analysis. The
Vicon Bonita’s (1 megapixel camera) can provide 0.5 mm in
translational accuracy. For the Qualisys and Vicon motion
capture system, there is offered end-user biomechanics
analysis tools for use in clinical and research studies. The
biomechanical analysis includes skeleton models which enable
animation and 3D visual tracking of different human body
segments. In rehabilitation assistive technology, researchers at
Salford University use the Qualisys system for the analysis of
movement disorders [47]. For Qualisys system, the cameras
emit infrared light onto the markers attached on the subjects,
and the reflected light sensed by the camera sensor. Then the
position of the subject is calculated through the above
information and a sophisticated human skeleton model. The
biomechanical model and marker positions are used together
to estimate the movement of the skeleton segments or joints.
In addition, there are some general rules should be followed of
markers attachment e.g. the markers should be placed as close
to the bone as possible and the subject should wear tight fitting
clothes to minimise marker movement.

The Vicon system is also used in life sciences, animation and
engineering. The marker-based visual tracking systems have
been developed for building up the biomechanical model of the
subject with markers attached over known joints or points on
the body. However there are some disadvantages with this
system. The main disadvantages of the visual tracking system
lie in the cost of the system and system set-up. The cost of a
Vicon MX camera system which includes eight cameras is
about £130,000 and is needed for a typical setting. Though
these marker-based visual tracking systems have very good
tracking accuracy, the marker attachment and system set-up is
complicated and the marker may move with the soft tissue.
Considering about using the marker-based visual tracking
systems for clinical motion assessment on the patients, the
limitation not only lie in the system cost but also complicated
system set-up (wearing of the tight fitting clothes and the
placement of the markers), making such systems unsuitable for
use in general clinic situations.
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b) Marker-less visual tracking system

Compared with the skin-mounted marker-based visual
tracking system, marker-less visual tracking system seem to
offer a simpler and less restrictive motion capture technique.
The difficulty of using this method is the challenge of having
software which can reliably identify the boundaries or features
of human bodies so that the joints and segments can be
identified in order to construct an accurate 3D kinematic
model [48]. A single or multiple cameras can be used.
Compared with the marker-based visual tracking system, this
marker-less visual tracking system requires additional
computation in order to recognise and segment the image.
Once this has been done the kinematic model can be built up.
The video capturing system generally engages multiple
cameras with high resolution (the camera’s resolution can be
up to 10 Megapixels). Its cost is acceptable (less than £100 per
camera) but its calibration and localisation makes it infeasible
for the daily rehabilitation assessment. Compared with the
marker-based system, the data processing of utilising the
marker-less system is more complicated because the human
movement information needs to be extracted from frames of
images. However, this type of system is not currently
commercially available.

The complexity, cost and space requirements also make the
visual tracking system unsuitable for use in the general clinic
of this project. Additionally the patients may feel unsettled of
knowing that they are being monitored by a camera during
assessment. Therefore, the visual tracking system was not
considered suitable for this project.

2) Non-visual tracking system

Several sensing technologies, such as inertial sensing,
mechanical sensing, acoustic sensing, magnetic sensing, radio
and microwave sensing [49], have been developed. In general,
sensors are attached to the human body in order to collect
movement information. Because the sensors are attached to
the body these tracking systems do not need a specialised
space for use. In other words, they may be more suitable for
use in a general clinical setting.

a) Electro-Mechanical sensing - the goniometer

A typical electro goniometer uses a potentiometer to provide
an output related to the rotation of the joint. However, these
systems are bulky, can restrict the subjects’ movement and
may be uncomfortable to wear for long periods of time [49].
Additionally, although it is a straightforward way to track
simple joint angles, a major disadvantage is that because joint
movement and measurement is restricted to two dimensions
(2D) this system cannot be used to measure complex joints
such as the shoulder.

b) Robotic aided motion tracking

As described in the section 11.B.1, the robotic aided systems
(e.g. MIT-MANUS, MIME robotic system) had been
developed to assist the patient in their rehabilitation programs.
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In addition, these systems can also be used to measure limb
movement during the exercises. The disadvantage of this kind
of system lies in their sizes, complexity of set up and cost.
Currently, a simple ARM guide (using only one motor) can
cost several thousand pounds and the cost of the MIT-
MANUS and MIME systems are even higher (about £ 50,000)
[50].

¢) Electromyography

Measurement of the electrical activity of the muscles, EMG,
can also be used to give an indication of the muscle activity in
the affected limb during the exercise. The EMG can be used as
a measure of strength of muscle contraction [51] and can be
combined with biomechanical data to provide additional
information when analysing limb segment kinematic
movement, for example, the significant EMG activity in both
agonist and antagonist muscles can reflect the co-contraction
of these muscles. When the measured muscle is relaxed, the
magnitude of the EMG is very low but when the measured
muscle is contracted, the magnitude of the EMG increases.
Besides the application in the clinical diagnosis, the EMG
signals can also be used in human computer interface in which
the EMG signals can be used as the signal input for a 2D
computer cursor control [52]. Though the EMG results is not
directly related to the 3D motion tracking data, EMG still can
be a good complementary measurement for the motion
tracking results as it provides some information on muscle
activity during that movement.

d) Instrumented Glove

Glove based sensing is essentially focused on monitoring hand
and finger motion and it can be good complementary method
for other upper limb motion tracking technologies which are
more focused on the other upper limb segments e.g. upper arm
and lower arm [53]. The glove systems allow dynamic
measurement of joint ROM of the fingers, and even the grip
and pinch strength. These objective measurements can be used
in diagnosis and rehabilitative assessment. The disadvantages
can be the material of the glove, which can constrain or
support to the patients hand movement. The glove based
sensing system is only suitable for the patients who still have
finger movement but not for stroke patients who may not have
active finger movement.

e) Inertial sensors

Inertial sensors combine data from accelerometers,
magnetometers and gyroscopes to measure the change of
position and orientation [49]. The development of Micro
Electro Mechanical Systems (MEMS) technology has resulted
in the availability of small inertial sensors which are designed
for attachment to the human upper limb. An inertial
measurement system will usually consist of several inertial
sensors and a biomechanical model to interpret the sensor.
Initially typical applications were used to track head motion
where the accelerometer was used as an inclinometer and the
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gyroscope senses the orientation [54,55]. However it was
realised that in order to improve accuracy of measurement, data
from magnetometers had to be fused with that from the
accelerometer and gyroscopes [56,57]. Comparison of inertial
measuring system with optical system for position tracking
using multiple sensors and kinematic models were carried out
[58]. It has been shown that the inertial measuring system has
RMS position errors that are normally less than 1 cm [59],
which indicates the motion sensing accuracy should be
acceptable for monitoring upper limb motion. Recently, inertial
sensors to monitoring motion have been used in the clinic to
track stroke patients [60].

However, in theory all that is required to track limb segment
orientation and movement is to attach the inertial sensors to the
limb segments under test and apply the appropriate
biomechanical model. Such a system would not require a

specialised set-up as required by the video systems of Vicon
and Qualisys and could be used in any environment.

Inertial sensors for human biomechanics

There are several commercial inertial sensors which are
suitable for human motion tracking. These sensors combine a
tri-axial accelerometer, a tri-axial gyro, and a tri-axial
magnetometer. The X sens MTx sensors have been used for
many years in movement science and also industrial
applications. The OSV3 sensor from Inertial Labs is the
smallest available inertial sensor and is suitable for human
motion tracking. The 3DM-GX3™-25 is from Micro Strain
along with the rest of the GX3 family. Inertia Cube BT™ from
Inter Sense is also used in 3D orientation tracking. A detailed
comparison between these sensors and the cost of a single
sensor is presented in Table 1.

Table -1 Comparison between different commercial inertial sensors

Performa | Xsen | Inertial MicroStr | InterSense
nce s Labs ain InertiaCub
specificat | MTx | OSV3 3DM- e
ion GX3™ BT™
Wireless | No No Yes Yes
Orientatio | Roll Roll&Pitc | Roll&Pit | Roll&Pitc
n Static | &Pitc | h0.2° ch0.5° h 0.5°
accuracy | h0.5° | Yaw 1.0° | Yaw 1.0° | Yaw 1.0°

Yaw

1.0°
Angular 0.05° | 0.01° 0.1° 0.01°
resolution | RMS | RMS RMS RMS
Update User | Max 500 | Max 180 Hz
rate settab | Hz 1000Hz

le

Max

120H

Z,

Max

256H

z

raw

data
Dimensio | 38x5 | 32x12x4 38x24x1 | 60x54x32
ns (mm) 3x21 | (WxLxH) | 2 (WxLxH)

(Wx (WxLxH

LxH) )
Weight 30 12 grams | 115 67 grams

gram grams

S
0/s Wind | Windows | XP/Vista | XP/Vista/
Compatib | ows / Windows
ility Linu Windows | 7

X 7
Software | MT OSv3 SDK SDK with
features softw | OEM provides | full Inter-

are Developer | data Sense API
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devel | ’s

opme | Kit
nt
kit

communi
cations

Maximu
m

Up to
10
MTx
senso
rs per
Xbus
Mast
er

on

20 sensors
the
sensor bus

N/A N/A

Cost (Per | £120
sensor) 0

£500

£1500 £1300

In terms of the cost, it should be noted that there will be cost
for additional hardware and software. For example, a 6-sensor
Xsens MTw system will cost £11,000 plus the cost for their
biomechanical model. Among the above presented sensors,
Osv3 is one of the smallest inertial motion tracking sensors and
has been available since 2011. Xsens MTx has been used in
many researches as it is the gold standard inertial sensor which
is designed for biomechanical measurements. It is very easy to
get started by using the MT Manager software for Windows
user interface. The newly developed (released in 2012)
wireless inertial sensor Inertia Cube BT (with a rechargeable
battery), Xsens MTw (released in 2011) and Osv2 (released in
2011) are also the ideal choices for human motion capture and
should be considered for future use. One disadvantage of the
Xsens MTx sensor is that it is not completely wireless. Cables
are used to connect the MTx sensors to the Xbus master which
provides the power and con-nection to the PC. This connection
can be either by Bluetooth or with a USB cable. The present of
cables will have some effect on the natural movements of the
subject. Therefore in 2011, Xsens release their newest product -
the MTw, which is a wireless sensor removing the need for
cabling and the XBus. In a recent release, the new MVN
BIOMECH A wind enables full-body motion tracking with
wireless inertial sensors which reduces the impact of attaching
sensors to the subject and increases their freedom of
movement.

Full body inertial motion capture - Xsens MVN system

The Xsens Company has released the human motion tracking
capture suit (Xsens MVN) which includes 17 MTx inertial
sensors, a comfortable lycra suit with embedded cabling. The
accuracy of the position tracking is claimed to be about 2%
error over a travelled distance of several metres. The Xsens
software for the MVN uses a biomechanical/kinematic model
which is similar to the software used in the Vicon and
Qualisys motion tracking systems. This whole body suit MVN
inertial measurement system makes motion capture much
easier for the researcher - there is no need to develop a
kinematic model. But the number of the sensors required can
be a limitation of the applicability of this system, since the
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system cost increases as well as set-up and calibration getting
more complex.

Low cost inertial sensors

The use of inertial sensors has also seen major application in
game controllers and smartphones, primarily to improve the
gaming experience by improving the tracking of the gaming
controller. This development occurred because the original
motion sensing based 3D games relied on the video tracking
of the controller. There are several examples where video
tracking was implemented, such as Nintendo Wiimote, Xbox
360, and Sony PlayStation Move. However, one of the
disadvantages of these systems is that they are not able to cope
with the situation when the controller is hidden from the
camera, for example, during the game the controller may be
obscured behind the player’s back. Therefore inertial sensors
were added to help estimate controller position when the
camera data is not available.

For example, Nintendo released the Wii Remote in 2005 which
contains an accelerometer to sense movement. The tracking
ability of the Wii Remote was improved in 2008 with the
release of an attachment, the Wii MotionPlus which contains a
gyroscope unit. In 2010, Sony also released a gaming
controller containing inertial sensors, the Sony PlayStation
Move. Compared with the Nintendo Wii, the Sony also
includes a magnetometer, which should improve the accuracy
of 3D orientation and position tracking [61,62]. These low cost
(£30) inertial sensors are of interest as they may be possible
replacements for the more costly (£1400) commercial inertial
sensors. Therefore one objective of a recent research [62] is to
evaluate their suitability for upper limb tracking and to identify
when they might be viable replacement for the sensors
specifically designed for biomechanical measurements.

More recently Smartphones containing all three inertial sensors
are now appearing on the market. In theory this could give
them the same functionality as Wii MotionPlus, the Sony Move
and possibly the inertial sensors specifically designed for
biomechanical measurements. Although their cost is currently
higher than that of the gaming controllers, their popularity
means that they are already acceptable to a wider range of users
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than gaming controllers. Additionally their incorporation into a
phone offers the possibility of remote monitoring. Therefore
the possibility of using these devices for upper limb motion
tracking where only a single sensor is required is an interesting
option.

IV. REVIEW OF INERTIAL TRACKING STRATEGIES

Once data from the inertial sensors has been obtained it is
necessary to process this data to obtain information about
segment orientation [63] and position. There are two basic
methodologies used to do this - Kinematic modelling and
Dead Reckoning (DR) method. A brief overview of these
methodologies and their advantages and disadvantages will
now be given.

A. New measurement techniques
assessment

a) Kinematic modelling

Kinematics deals with body segment movement (focussing on
joint orientation and segment position) rather than the force
exerted on them, which differs from kinetics [64]. A number
of studies have used inertial sensors and kinematic modelling
for upper limb motion tracking [59,61,65-68]. At least two
sensors (on elbow and wrist) are required to construct an
upper limb link kinematic model. In the study by Zhou et al,
2008 [59], the shoulder position has been predicted by the
optimisation technique which uses the wupper limb
biomechanical constraints to estimate the shoulder movement
from the motion of the elbow and wrist joints. Therefore, in
order to carry out a systematic evaluation of whole upper limb
motion the shoulder movement must also be measured and a
kinematic model using at least four inertial sensors has to be
implemented. Multiple sensors have been used in Kinematic
modelling, but DR method is of interest because it offers to
track the motion of one segment using a single rather than
multiple sensors. Therefore the feasibility using this method
will be investigated.

for rehabilitation

b) Dead reckoning

Initially, the process of deduced reckoning (called dead
reckoning) was used in satellite, marine and aircraft navigation
starting from a known latitude and longitude and travelling in
a known direction for a known time [69]. This inertial
navigation deduces the current location by adding the
estimated distance travelled to the previous value. The first
inertial sensors used gyroscopes and accelerometers to
measure orientation and acceleration. The velocity of the ship
or aircraft can then be computed by integration of the
acceleration and the distance travelled can be computed by
double integrating the acceleration. The gyro-scope outputs
provide information about changes in direction and a
magnetometer is used to identify direction relative to magnetic
north. It is claimed that its accuracy can be within 2% of the
actual distance travelled. It has been used in the places where
the GPS signal is not available.
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DR method has also been used for tracking pedestrians indoors
[70,71]. However one of the major disadvantages of this
technique is the major errors introduced by the double
integration of any offsets and noise in the accelerometer signal.
Therefore significant effort has been put into minimising this
error and several techniques have been developed to do this.
The application of this technique for motion tracking of a
single segment is of interest because, unlike the Kinematic
model which requires several sensors, the DR method offers
the measurement of orientation and position tracking using a
single sensor. This is attractive in terms of simplicity of set-up
in a busy clinic, reduced cost and simpler data analysis and
presentation. The research [58] presented that under controlled
conditions the errors in measurement using the DR method can
be reduced to an acceptable level of 0.5 cm over a 30 second
measurement period.

V. REVIEW OF UPPER LIMB MOVEMENT ANALYSIS

OF NEUROLOGICAL PATIENTS

The use of measurement systems where movement data is
recorded e.g. the video tracking systems has resulted in
developments in data analysis to investigate additional
parameters which it is thought may also be useful indicators of
motor recovery. Examples of these parameters are segment
sub movements and movement smoothness.

A. Submovement

The research done by Neville et al., 1999 [72] found that the
patient movements can be broken down into a series of
submovements. Some researchers have identified changes in
limb segment submovements during rehabilitation. In one
recent study using the MIT-MANUS robot [73], a comparison
of the kinematic motion analysis before and after recovery
showed that the submovements become fewer, longer, and
faster. The research analysis indicates that after the therapy,
the patient has fewer submovements [74].

A. Movement smoothness

Movement smoothness is the smoothness of the measured
movement which is defined as a distinctive characteristic
related to skilled and coordinated movement [75]. It is also
related to the sub movement analysis. Movement smoothness
has been characterised as another important characteristic in
assessing the patients’ movement ability when recovering
from neurological disorders. Movement smoothness is the
blending of the sub-movements and the smoother the
movement the less discrete sub movements of the position or
velocity data will be present. The healthy volunteers’
movement trajectories are considered to be smooth [76]. The
healthy subject also tends to have a smooth acceleration,
velocity and position output in contrast with the patient whose
movement presents the multiple peaks and discrete sub
movements which make the motion trajectory less smooth. It
is expected that for the patient undergoing rehabilitation that
there will be a reduction in the number of sub movements and
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that the smoothness of the overall movement will increase.
There are, therefore, several movement smoothness
parameters, e.g., position, velocity and acceleration that can be
used in order to quantify the smoothness of a movement.

VI. CONCLUSION

This paper has presented an overview of rehabilitation
treatment and assessment methods for monitoring the progress
of the rehabilitation of the upper limb. A series of traditional
physiotherapy and new assistive techniques such as the
rehabilitation robot, VR and FES are presented. The
assessment of rehabilitation treatment therefore provides
important feedback to the clinician and to the patient. The
traditional assessment methods based on the scores of
different assessment scales tend to be tedious, subjective and
unable to provide the clinicians with objective information on
the patients’ upper limb motion. Then a range of more
objective assessment or measurement systems have been
introduced.

The video tracking system is able to provide the clinicians with
quantitative data, however, the specialised space requirement,
the complexity and time to setup as measurement and the
system cost made it impracticable for the use in the general
clinic. Many other non-camera based system such as
mechanical sensing system, robotic aided motion tracking
system as well as inertial sensing system have been reviewed.
But the mechanical sensing system is bulky and restricts the
subject’s movement, and robotic aided motion tracking system
can provide reliable motion tracking data but it has the
disadvantages on the setup, cost and space requirement. EMG
is able to provide muscle activity related signal but is not able
to provide 3D motion data and the instrumented glove is only
focused on the hand movement. The development of inertial
sensors could provide a system for upper limb movement
measurement which can be used in a general clinical setting
and also provide the objective data for analysis currently only
available with the more complex video systems or the more
expensive rehabilitation robotic systems. The ability to
measure discrete timing periods within an exercise and to
investigate parameters such as move-ment smoothness are
additional advantages provided by using an instrumented
measurement system.
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