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Abstract—In recent years, inertial sensors have been broadly
used in 3D human motion monitoring as an affordable solution.
The time domain parameters e.g. kinematic parameters and
kinetic parameters have already been widely studied. 3D
orientation and position measurement are the most common
used kinematic measurements for motion monitoring. This
paper focuses on the frequency domain analysis and timefrequency analysis by using inertial sensing sensors. The inertial
sensor was first validated for its ability in frequency detection
by using a vibration generator. Then experimental tests were
conducted on a healthy volunteer for a range of upper limb
motion tests including Nine-hole peg test (NHPT) and drawing
test. The results showed that additional information can be
provided by using the time-frequency analysis, which can
potentially provide insights on human upper limb movement.
Keywords—time-frequency analysis, upper limb, motion
monitoring, NHPT

I.

INTRODUCTION

Human upper limb monitoring is of great importance in
the assessment of upper limb impairment of patients with
neurological conditions [1]. Upper limb rehabilitation which
consists of different interventions is used to help these patients
restore the motor function of their upper limbs [2]. In order to
assess the recovery of patients’ upper limb motion throughout
the rehabilitation, different clinical assessment scales
including Fugl-Meyer [3], Motor Assessment Scale [4],
Modified Ashworth Scale [5] have commonly been adopted
in the clinical settings. However, these clinical scales are very
subjective and sometimes not reliable [6].
With the emerging of different sensing systems e.g.
camera based systems [7], inertial sensing systems [8],
electromyographic (EMG) systems [9] have been used to
provide objective measurements of upper limb movement.
Time domain parameters for both kinematic and kinetic
measurements have been analysed. Kinematic measurements
which are used to describe the movement including time,
linear acceleration, linear velocity, and linear position for
different upper limb segments and joints [10]–[12]. These
analyses of the variables were analysed to show how this data
can increase the depth of information available to describe the
upper limb motion and what additional information they can
provide to the clinicians [12], [13]. Kinetic analyses of human
movement includes torque, inertia, and angular velocity [14].
Application of inertial sensors shows some good
correlation to clinical scales and also is able to provide
additional insights during rehabilitation [15]. Also low cost
sensors e.g. gaming sensors are proved valuable tools for the
measurement of upper limb recovery in clinical trials [12],

[16]. Power spectrum distribution patterns have been
previously studied by researchers in the evaluation of EMG
signals in upper limb disability of stroke patients [17].
Moreover, the features extracted from different frequency
band have been used to decode different limb movements
[18]. The frequency domain analysis and time frequency
analysis on the inertial sensing units e.g. accelerometer will be
able to provide additional information especially in analysing
the neurological conditions which have tremor as the
presenting feature. Therefore, this paper aims to conduct the
frequency domain analysis and time-frequency analysis for
evaluating and quantifying the upper limb performance. The
data analysis methods include frequency domain analysis, and
time-frequency domain analysis will be discussed. It is hoped
that more quantitative data analyses will provide objective and
additional information on upper limb movement which will be
of value to the clinician in monitoring response to
rehabilitation and assessing the efficacy of the rehabilitation
programs.
II. METHODS
In this section, the frequency analysis and time-frequency
analysis will be mainly discussed. The frequency analysis of
the upper limb linear acceleration is presented as it is thought
to be useful in identifying the presence of tremor and how that
tremor responds to treatment. Also, time-frequency analysis
will be used to discover the pattern of frequency changes for
the movement over a period of time. It can be very useful to
understand distinctive patterns for different upper limb motion
tests.
A. Frequency domain analysis
Pathological tremor [19] 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 work,
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) [20] has
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
[21], this analysis may prove to be a useful diagnostic tool.
B. Time-frequency analysis - the Spectrogram
The presentation of the frequency spectrum [22] may be
able to provide additional movement information compared
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with time domain analysis. The spectrogram is used here as a
way to present how the frequency content changes over time.
It can provide both frequency response and time in one plot.
Usually, in a spectrogram plot, the x-axis (horizontal axis)
represents time, and the y-axis (vertical axis) represents
frequency. The amplitude of each frequency component is
represented by colour.
III.

preferred way to complete the task. During the test, the
therapist uses a stopwatch to measure the time taken to carry
out the test. Time and whether the task is completed will be
part of the score. The typical completion time for healthy
adults is about 20 seconds [23].

EXPERIMENT

A. Validation of the frequency test of an inertial sensor –
experiment set-up
The sensor frequency test set-up is shown in Fig. 1. This
utilises a vibration generator and a function generator together
to generate a known vibration frequency (e.g. 15Hz or 20Hz)
whose 3D linear acceleration output, frequency spectrum and
spectrogram has been presented in Fig. 6 (a) (b) (c) on all three
axes.

Fig. 3. Nine-hole peg test board

Fig. 1. Sensor frequency test set-up

D. Drawing test
In the drawing test, the subject is asked to copy over a
circle, square and triangle drawn on the test paper [24] as
shown in Fig. 4. This test is believed to provide useful
information about the range of joint motion and coupling
between the shoulder and elbow joint and also fine motor
control of wrist and fingers [25]. In this example the position
of the wrist throughout the drawing process is tracked. It
should be noted that the sensors are able to track the gross
movement of the hand and other joints on the upper limb, not
the finger movement.

B. Different upper limb motion tests on a healthy volunteer
An initial evaluation of this technique on a healthy
volunteer was carried out as follows. Four sensors were
aligned on the upper arm and lower arm respectively as seen
in Fig. 2. The volunteer stretched the arm out in front and kept
the arm still and parallel with the horizontal plane. The inertial
sensors were used to capture the involuntary tremor.

Fig. 4. Drawing test

IV.

Fig. 2. Involuntary tremor test

C. Nine-hole peg test (NHPT)
The nine-hole peg test [23] is a test to assess fine motor
control and coordination (finger dexterity). The nine-hole peg
test board is shown in Fig. 3. The subject is asked to pick up
the pegs one at a time from the container and insert them into
the nine holes. Normally the subject is asked to use his or her

RESULTS

A. Frequency analysis results
Fig. 5 (a) shows 3D linear acceleration (gravity component
has been removed) of the sensor on the forearm in the global
reference frame. Usually the frequency analysis is done on the
linear acceleration. Fig. 5 (b) shows the frequency spectrum
of the linear acceleration on all three axes.
From Fig. 5, it can be noted that most of the frequency
components occur between 10Hz to 15Hz in the test of the
upper limb involuntary movement of the healthy volunteer as
trying to keep the stretched arm still as shown in Fig. 2. The
magnitude and the frequency of the tremor may be of useful
clinical value. But in future study, the evaluation of this
analysis will not be carried out on patients especially patients

who have tremor, this analysis may be a useful tool in
providing quantitative analysis of their tremor.

(a) Linear acceleration data

(b) Frequency spectrum analysis of linear acceleration data
Fig. 5. Frequency analysis of acceleration

B. Time-frequency analysis results
1) Validation of frequency of an inertial sensor
In Fig. 6 (b), it is noted that the scales of the frequency
spectrum plots are different on x, y and z axes, where the
scales on the x and y axes are much smaller than that of the z
axis. It is because the 20Hz vibration movement is mainly
applied on the z-axis of the sensor (see Fig. 1). Fig. 6 (c) shows
the 20Hz frequency component in the spectrogram. The start
and end point of the test can be seen from this plot, which runs
from 10 seconds to 40 seconds.
However the test of a single 20Hz frequency component is
quite a simple presentation and is relatively easy to interpret.
Whether this is the case for more complex movements has to
be evaluated. Therefore a number of tests done by a healthy
volunteer have been used as examples of a spectrogram for a
more complex set of movements. The analyses are presented
in the following subsections.

(a) Linear acceleration for a single 20 Hz excitation frequency on all three
axes

(b) Frequency spectrum analysis of linear acceleration for a single 20 Hz
excitation frequency on all three axes

2) Time-frequency analysis of NHPT
NHPT is one of the tests which has been widely used in
the evaluation of upper limb movement. In addition to the
NHPT which 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.
The start and end of each of the nine peg movements can
be seen from the Fig. 7 since there is nearly no movement
during the peg intervals. The colour density represents the
frequency amplitude which is thought to be correlated to the
energy of the motion. This representation may also provide
additional useful information in the clinical assessment of
patient recovery. However the patterns are complex and
further work will be required to determine the significance and
value of this form of data presentation. But this is another
advantage of using the inertial measurement system as
information that cannot be gained from the traditional
methods is now available.
More detailed results are in Fig. 8. It is noted that most of
the movement frequencies are below 3Hz. And the
spectrogram on the x-axis (Fig. 8 (c)) shows movement energy
and frequencies for each peg movement.
3) Time-frequency analysis of drawing test
In the drawing test, both the designed path for the
fingers/pencil and the drawn paths of the hand are presented
in Fig. 4. In this experiment, the healthy volunteer was asked
to repeatedly drawing four squares in one test.

(c) Spectrogram of a single 20 Hz excitation frequency on all three axes
Fig. 6. Frequency analysis for a single 20 Hz excitation frequency on all
three axes

Fig. 7. Analysis for a NHPT

The start and end of each of square drawn can be seen from
the Fig. 9 and it is noted that there is no movement during each
of the square drawing intervals. Different frequency pattern
can be observed on 3 different axes.

(a) Frequency spectrum analysis of a NHPT on all three axes

(b) Spectrogram of a NHPT on all three axes

(a) Frequency spectrum analysis of a drawing test on all three axes

(b) Spectrogram of a drawing test on all three axes
Fig. 9. Frequency analysis for a drawing test (4 squares were drawn in this
test)

V.

CONCLUSION

In this paper, the spectral measurement of the upper limb
motion has been done. The sensor is initially tested by using
a vibration generator and the results demonstrate that the
sensor is able to accurate measure the frequency.
Experiments have also been done for a NHPT and drawing
test for a healthy volunteer and the results showed that it is
able to capture insightful information from a continuous
movement and potentially can be used to analyse the different
patterns in NHPT and drawing test. It could potentially work
as a useful method and provide additional insights in clinical
rehabilitation.
REFERENCES
(c) Spectrogram of a NHPT on x-axis only

[1]

L. A. Connell and S. F. Tyson, “Clinical reality of measuring
upper-limb ability in neurologic conditions: A systematic review,”
Archives of Physical Medicine and Rehabilitation. 2012, doi:
10.1016/j.apmr.2011.09.015.

[2]

S. M. Hatem et al., “Rehabilitation of motor function after stroke:
A multiple systematic review focused on techniques to stimulate
upper extremity recovery,” Front. Hum. Neurosci., 2016, doi:
10.3389/fnhum.2016.00442.

[3]

A. R. Fugl Meyer, L. Jaasko, and I. Leyman, “The post stroke
hemiplegic patient. I. A method for evaluation of physical
performance,” Scand. J. Rehabil. Med., 1975.

Fig. 8. Spectrogram of a NHPT

[4]

J. H. Carr, R. B. Shepherd, L. Nordholm, and D. Lynne,
“Investigation of a new motor assessment scale for stroke
patients,” Phys. Ther., 1985, doi: 10.1093/ptj/65.2.175.

[5]

R. W. Bohannon and M. B. Smith, “Interrater reliability of a
modified Ashworth scale of muscle spasticity,” Phys. Ther., 1987,
doi: 10.1093/ptj/67.2.206.

[6]

P. W. Duncan, “Outcome measures in stroke rehabilitation,” in
Handbook of Clinical Neurology, 2013.

[7]

M. Yahya, J. A. Shah, K. A. Kadir, Z. M. Yusof, S. Khan, and A.
Warsi, “Motion capture sensing techniques used in human upper
limb motion: a review,” Sensor Review. 2019, doi: 10.1108/SR10-2018-0270.

[8]

A. I. Cuesta-Vargas, A. Galán-Mercant, and J. M. Williams, “The
use of inertial sensors system for human motion analysis,”
Physical
Therapy
Reviews.
2010,
doi:
10.1179/1743288X11Y.0000000006.

[9]

O. W. Samuel, X. Li, P. Fang, and G. Li, “Examining the effect of
subjects’ mobility on upper-limb motion identification based on
EMG-pattern recognition,” in Proceedings of 2016 Asia-Pacific
Conference on Intelligent Robot Systems, ACIRS 2016, 2016, doi:
10.1109/ACIRS.2016.7556202.

[10]

L. Bai, M. G. Pepper, Y. Yan, S. K. Spurgeon, M. Sakel, and M.
Phillips, “A multi-parameter assessment tool for upper limb
motion in neurorehabilitation,” in Conference Record - IEEE
Instrumentation and Measurement Technology Conference, 2011,
doi: 10.1109/IMTC.2011.5944169.

[11]

L. Bai, M. G. Pepper, Y. Yan, S. K. Spurgeon, M. Sakel, and M.
Phillips, “Quantitative Assessment of Upper Limb Motion in
Neurorehabilitation Utilizing Inertial Sensors,” IEEE Trans.
Neural
Syst.
Rehabil.
Eng.,
2015,
doi:
10.1109/TNSRE.2014.2369740.

[12]

L. Bai, M. G. Pepper, Y. Yan, M. Phillips, and M. Sakel, “Low
Cost Inertial Sensors for the Motion Tracking and Orientation
Estimation of Human Upper Limbs in Neurological
Rehabilitation,”
IEEE
Access,
2020,
doi:
10.1109/ACCESS.2020.2981014.

[13]

Lu Bai, Matthew G Pepper, Yong Yan, Malcolm Phillips, and
Mohamed Sakel, “Inertial sensor based quantitative assessment of
upper limb range of motion and functionality before and after
botulinum toxin: a pilot study,” Glob. J. Eng. Technol. Adv., 2020,
doi: 10.30574/gjeta.2020.2.3.0008.

[14]

A. M. Koontz, P. Kankipati, Y. S. Lin, R. A. Cooper, and M. L.
Boninger, “Upper limb kinetic analysis of three sitting pivot
wheelchair transfer techniques,” Clin. Biomech., 2011, doi:
10.1016/j.clinbiomech.2011.05.005.

[15]

L. Bai, M. G. Pepper, Y. Yan, M. Phillips, and M. Sakel,
“Quantitative measurement of upper limb motion pre- and posttreatment with Botulinum Toxin,” Meas. J. Int. Meas. Confed.,
2021, doi: 10.1016/j.measurement.2020.108304.

[16]

L. Bai, M. G. Pepper, Y. Yana, S. K. Spurgeon, and M. Sakel,
“Application of low cost inertial sensors to human motion
analysis,” in 2012 IEEE I2MTC - International Instrumentation
and Measurement Technology Conference, Proceedings, 2012,
doi: 10.1109/I2MTC.2012.6229349.

[17]

S. Angelova, S. Ribagin, R. Raikova, and I. Veneva, “Power
frequency spectrum analysis of surface EMG signals of upper limb
muscles during elbow flexion – A comparison between healthy

subjects and stroke survivors,” J. Electromyogr. Kinesiol., 2018,
doi: 10.1016/j.jelekin.2017.10.013.
[18]

O. W. Samuel, Y. Geng, X. Li, and G. Li, “Towards Efficient
Decoding of Multiple Classes of Motor Imagery Limb Movements
Based on EEG Spectral and Time Domain Descriptors,” J. Med.
Syst., 2017, doi: 10.1007/s10916-017-0843-z.

[19]

A. Puschmann and Z. K. Wszolek, “Diagnosis and treatment of
common forms of tremor,” Semin. Neurol., 2011, doi: 10.1055/s0031-1271312.

[20]

E. O. Brigham and R. E. Morrow, “The fast Fourier transform,”
IEEE Spectr., 1967, doi: 10.1109/MSPEC.1967.5217220.

[21]

J. Jankovic, J. Beach, K. Schwartz, and C. Contant, “Tremor and
longevity in relatives of patients with parkinson’s disease, essential
tremor, and control subjects,” Neurology, 1995, doi:
10.1212/WNL.45.4.645.

[22]

U. Lee, “Spectral Analysis of Signals,” in Spectral Element
Method in Structural Dynamics, Chichester, UK: John Wiley &
Sons, Ltd, 2009, pp. 11–38.

[23]

V. Mathiowetz, K. Weber, N. Kashman, and G. Volland, “Adult
norms for the nine hole peg test of finger dexterity,” Occup. Ther.
J. Res., 1985, doi: 10.1177/153944928500500102.

[24]

T. Krabben, B. I. Molier, A. Houwink, J. S. Rietman, J. H. Buurke,
and G. B. Prange, “Circle drawing as evaluative movement task in
stroke rehabilitation: An explorative study,” J. Neuroeng.
Rehabil., 2011, doi: 10.1186/1743-0003-8-15.

[25]

C. Bosecker, L. Dipietro, B. Volpe, and H. Igo Krebs, “Kinematic
Robot-Based Evaluation Scales and Clinical Counterparts to
Measure Upper Limb Motor Performance in Patients With Chronic
Stroke,”
Neurorehabil.
Neural
Repair,
2010,
doi:
10.1177/1545968309343214.

