
  

978-1-6654-8601-9/22/$31.00 ©2022 IEEE 

Assessment of coordinative abilities through upper
extremity wearable device technology

Di Libero T.1, Carissimo C.2, Zagaglia A.1, G. Cerro3, Ferrigno L.1, Rodio A.2
1Dept. of Human Sciences, Society and Health, University of Cassino and Southern Lazio

2Dept. of Electrical and Information Engineering, University of Cassino and Southern Lazio
3Dept. of Medicine and Health Sciences ”V. Tiberio”, University of Molise

{tommaso.dilibero, chiara.carissimo, alessandro.zagaglia, luigi.ferrigno, angelo.rodio }@unicas.it
gianni.cerro@unimol.it

Abstract—The measurement of coordinate and conditional
capacities during physical exercise, such as the reaction time
to an external stimulus, can provide essential information to
enhance cognitive and physical skills on performance. This work
aims to extend the use of a hand movement detecting device
from medical diagnosis purposes to sport environments with the
goal to assess and measure the coordinative capacity parameters
and inducted effects by specific training programs. Moreover,
collected data can be used to identify relationship between
investigated parameters and gender and age, to be able to
propose psychological and physical interventions to maintain and
improve the cognitive and coordinate capacities. Indeed, useful
information can generally be achieved after a suitable processing
stages, eventually including machine learning algorithms.

Index Terms—Wearable devices, coordinative capacities, phys-
ical activity, magnetic Positioning, measurement system

I. INTRODUCTION

In sports as in daily activities, coordinative and condi-
tional capacities play a crucial role in organizing, regulating
and controlling movement. With growth, the central nervous
system is constantly evolving, as well as the processing of
proprioceptive signals. Coordinative capacities are used to
learn, control, adapt, and transform movements. Performing
functional gestures, quickly and in a coordinated way, strictly
depends on the perceptual and the sense-motor apparats. The
space and time perception, sight, hearing, and touch play an
important role in coordinative capacity efficiency [1]. People,
for example, use their eyes to focus attention and communicate
with their brain information about body spatial localization.
Hands touching is used to perform several activities simulta-
neously and coordinately. Based on the information received,
the brain is able to command responses to modulate and refine
the motor tasks, in particular in complex movements such
as in sports. For example, a tennis player’s ability to assess
ball speed and trajectory is based on balance and posture,
following a complex adaptation process to provide the appro-
priate response [2]. Body training is a fundamental practice,
but training coordinative capacities is equally important, and
rarely a specific training program is considered. Several factors
influence performance in physical activity. The motor system
can be influenced by an external stimulus that promotes muscle
activation [3]. Indeed, physical movement is dictated by the
capacity to efficiently utilize information from the surrounding

environment [4], and coordinated training treatments can be
essential in improving cognitive abilities [1]. Reaction time is
one of the most important indicators of these abilities [5]. To
evaluate it, also in physical and daily activities, it is possible
to perform oculo-manual tests such as Ruler Test (RT) and
Tapping Tests (TT). RT is typically used as an assessment
tool for visual control, hand-eye coordination and reaction
time [6], [7]; TT evaluates the motor velocity of the index
finger as an indirect measure of the integrity of cortical motor
areas and efferent motor pathways [8]. The data gathered
from these types of activities is necessary to fully understand
how to intervene for performance improvement. Indeed, it
has been shown that improving cognitive abilities can lead
to better and more effective outcomes [9]. In recent years,
technological devices have been implemented to evaluate body
or anatomic section movements under different stimuli and
motor tasks and their related reaction time [10], [11]. Gesture
recognition devices that detect limb motions in space and time
can provide essential information about patients’ coordinative
abilities, particularly in the pathological field as a valuable
tool for diagnosis and disease monitoring [12]. Most of these
devices are based on Inertial Measurement Unit (IMU) sensors
composed of a triaxial accelerometer, a gyroscope and a
magnetometer to register movement speed, angular velocity
and orientation data, respectively. Through classification algo-
rithms, it is possible to recognize the activities of the limb
by classifying the characteristics of the IMU signal [13]. In
2020, for example, a solution for Parkinson’s disease tremor
detection has been presented in the literature, which may be
easily implemented in a glove for real-time tracking of upper
limb motions during physical activity [14]. This work aims
to demonstrate the applicability of such devices in physical
activity for the motor and coordination skills assessment of the
involved subjects. In particular, the authors want to analyze the
movements of the upper limbs, create a diversified database
and compare the results obtained during the experimental
campaign. They also want to compare the results obtained
using classical protocols with those obtained using objective
measurement systems and specific analysis algorithms.
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II. MATERIALS AND METHODS

A. Participants
Twenty voluntary students, 11 males and 9 females, from the

University of Cassino and Southern Lazio, were enrolled and
selected in the study during an internship activity. The study
was limited to individuals who self-identified their dominant
hand as preferred for writing, performing sports activities,
using a tool or leading out in movement. The participants were
divided into a group of 10 for RT, 6 male and 4 female (Mean
Age 22.6, ranged from 20 to 26) and a group of 10 for TT 5
male and 5 female (Mean Age 23.3, ranged from 22 to 24).
After being adequately informed about the prerequisites for
participation before testing, all students underwent two testing
sessions on two non-consecutive days, at the same time of day,
in the following order: ruler test, tapping test. Participants
were instructed to avoid eating large meals and consuming
caffeinated beverages for two hours before testing (formerly
coffee, cola or tea) and to avoid smoking and drinking alco-
holic drinks for at least 24 hours before the exam. Subjects
had to be fully hydrated (due to summer temperatures) and
were asked to avoid intense exertion or physical activity
for 24 hours before testing. Dangling jewellery, watches,
bracelets or earrings had to be removed as they could impede
instrumentation. Subjects with injuries or diseases or who were
not in good health were excluded from the study. All students
were familiarized with the testing procedures one hour prior to
the tests. This project was approved by the Institutional Review
Board of the University of Cassino and Southern Lazio (No.
11253.2021.05.12). Before participating in the study, subjects
have been informed in detail about the protocol. Moreover,
informed consent and authorization about benefits and risks
have been obtained in accordance with the Declaration of
Helsinki for Human Research of 1964.

B. Test procedure
Tests were conducted using an IMU sensor. For each test

subjects repeated the trials 20 times, with a time interval
between each trial for data storage and parameter adjustment
(30 s). During the break, the user was instructed to assume
a resting position. Protocols from two previous studies were
referenced for both tests [15], [16], and only the dominant
limb was evaluated.

1) Ruler test: Participants were asked to sit at the edge
of a table, elbow on the surface, and wrist extended over the
side. The sensor was attached to one of the ruler’s ends. The
observer held the ruler in the air between the participant’s
thumb and fingers without touching it, aligning the zero point
with the participant’s fingertips. When a participant was ready,
the observer dropped the ruler without notice, and the subject
should catch it as soon as he sees it fall. The distance traveled
by the ruler before catching will be measured in centimeters.
The data were used to calculate the reaction times applying
the standard formula described by eq. 1 [17].

t =

√
2d

g
(1)

.
where d is the distance and g is the gravity acceleration.
2) Tapping Test: During the tests, the subject’s hand rested

flat on a desk surface, with the fingers extended and the
index finger on the counting device. The subject’s elbow was
placed on the desk with a 90-degree extension. The sensor
was placed on the second middle phalanx of the dominant
hand, and participants were instructed to tap as many times as
possible in a 10-second timeframe, flexing and extending the
metacarpophalangeal joint of the tested index finger. Sensor
acquisition started as the subject had performed the first
movement of the index finger and ends when the 10 seconds
expired. The recovery phase between a trial and subsequent
was set to 30 s (3 times with respect to trial time), to complete
spent energy restoration (anaerobic metabolism), permitting to
perform all 10 trials in optimal physical condition. The data
acquired by the sensor were compared to those collected by the
observer’s counting and a dedicated application (CNS Tap).

C. Proposed set-up

An experimental protocol for testing was defined and, as can
be seen in Fig. 1: two different setups were implemented. An
inertial measurement unit (IMU) was used to make the objec-
tive measurements during the RT and the TT. The employed
sensor acquisition parameters were: a sampling frequency of
100 Hz, an accelerometer range of ±4g. In the first test (Fig.1
a), the sensor was anchored to the subject’s index finger and in
the second test (Fig.1 b) the device was placed on the ruler; in
both cases the inertial data was sent to the PC via Bluetooth.
The data collected by the device were compared with those
conventionally evaluated by the operator.

Fig. 1. Measurement set-up to realize tapping (a) and ruler (b) tests.

The data collected by the device were analyzed by the
implementation of dedicated algorithms able to: 1) calculate
the subject’s reaction time considering data from ruler tests;
2) count tapping events in a specific interval using tapping
tests data. Fig. 2 displays the algorithm block diagram that
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Fig. 2. Block diagram describes the logical procedure and the main charac-
teristics of the algorithm.

Fig. 3. Ruler test result: the first row shows the acceleration data along x
axis, in the second row is displayed subject reaction time.

Fig. 4. Acceleration data along z axis during tapping test: the tapping instants
are highlighted.

describes the procedure used to calculate features of interest.
Fig.3 shows the result obtained during a ruler test, in particular
the first line shows the x-axis acceleration data, while in the
second line we can observe the time interval spent by the
subject to take the ruler. In this test, the computed reaction time
is 0.23 s. In Fig.4, acceleration data during the tapping test are
shown and it could be seen how the algorithm computed and
highlighted about six taps per second (each red circle on the
signal picture (Fig. 4 is a tapping detection). The signal peaks
represented the instant when the subject index finger pressed
on the thumb. In addition, in the case of the RT, the x-axis only
has been considered, since the ruler has been aligned with the
IMU x-direction. For TT, acceleration along z-axis has been
considered because the main tapping movement was realised
in such a direction.

D. Statistical Analysis

After the processing data, a statistical analysis was carried
out. Table I presents a summary of the subjects’ anthropo-
metric measurements, data are expressed as mean value and
relative standard deviation. A descriptive analysis was con-
ducted to verify the data distribution. A preliminary analysis
of the results of both tests was carried out with the Shapiro–
Wilk normalization test on different sets of data. In the first
set, all collected data were analysed together; in the second
one, the results were divided by gender. In both cases, and for
both tests, the results were not normally distributed. Then,
a nonparametric Repeated Measures ANOVA analysis was
carried out.

TABLE I
MEAN AND STANDARD DEVIATION OF BOTH GENDERS ANTHROPOMETRIC

MEASUREMENTS

Age (years) Height (m) Weight (kg) BMI kg/mˆ2
Male 22.8 ± 1.2 1.76 ± 0.10 74 ± 12 24.0 ± 1.6

Female 23.1 ± 2.0 1.600 ± 0.036 54.9 ± 7.0 21.5 ± 2.3

In Table II RT data, measured by mean of two measurements
methods (Observer and IMU sensor), are shown. Data are
expressed as mean value and relative standard deviation. As
highlighted in Table II, a significant difference was found be-
tween the two types of measurement, although the IMU sensor
provided lower mean reaction time values than the observer
measurements. In particular, the percentage difference between
observer and IMU measurements less than 5% (4.7%) was
observed.

TABLE II
MEAN AND STANDARD DEVIATION OF RT REACTION TIME EXPRESSED IN

SECONDS FOR DIFFERENT MEASUREMENT METHODS

Observer (s) IMU sensor (s)
All 0.170 ± 0.029 0.160 ± 0.031
Male 0.170 ± 0.029 0.160 ± 0.032
Female 0.170 ± 0.028 0.160 ± 0.031

TABLE III
MEAN AND STANDARD DEVIATION OF TT NUMBER OF TAPS IN 10 S FOR

DIFFERENT MEASUREMENT METHODS

Observer (tap/10s) App (tap/10s) IMU sensor (taps/10s)
All 61.0 ± 7.0 61.4 ± 6.5 62.3 ± 5.9
Male 53.0 ± 8.2 61.8 ± 6.7 61.4 ± 7.7
Female 59.1 ± 4.9 61.1 ± 6.2 60.6 ± 2.1

The mean values and standard deviations of the TT results
are shown in Table III. In the TT case, the results for the
three different measurement methods (Observer, App, IMU
sensor) were not statistically different and were comparable.
The difference between each test was less than 3% (ranging
from −2.99% to 3.51%).
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III. DISCUSSION

Participants were all young subjects and were homogeneous
in gender, age, and BMI. In fact, data analysis showed that
the population was normal weight with a BMI value between
18 and 25 kg/m2. The comparison of the two approaches
employed in RT showed statistically different results: in detail,
the IMU sensor reported lower response time values than the
observer measurements. Simulating voluntarily entered errors,
movements ranging from 0.1 cm to 1 cm cause reaction times
that can differ from 0.4 ms to 4.6 ms, approaching our percent-
age difference of 4.7%. Measurement becomes significantly
more objective using IMU, in order to remove the observer’s
error. In TT, differences between the data collected by the
three distinct measuring methods were negligible, so the test
can be performed by all three methods. The IMU sensor allows
a quantification of the range of motion, which is a useful
indicator of neuromuscular fatigue in terms of coordination
ability, as evidenced by the graph 5, the number of taps has
a decreasing trend between the first and last repetition for
each subject. This physiological decline could be linked to
exhaustion which may cause a change in the acceleration
between the first and last trial. In this case, the IMU might be
used to normalize the amplitude and utilize it as the coefficient
of a linear line crossing between the first and final values,
which will have a decreased amplitude. The absolute value of
the resulting equation’s angular coefficient might be referred
to as the coefficient of fatigue. As can be documented in Fig.5,
the coefficient of the equation interpolates in all the average
peak values of the 20 performed trials, and it is shown that the
decrease is minimal. This is evidence that the subject was able
to perform each trial at maximum energy efficiency. Thus, it
can be said that the 30 s of rest between trials was sufficient
for a full recovery. The IMU sensor can be used as a tool to
identify the fatigue index represented by the coefficient in the
equation if the times imposed in the test are different. That is,
test execution times higher than 10 s and recovery time less
than or equal to 30 s. In this way, neuromuscular efficiency
can be represented by the fatigue index. Furthermore, it could
be a representative indicator of neuromuscular efficiency or a
useful parameter in medical rehabilitation for evaluating the
type of rehabilitation and type of performance (e.g., dexterity
sports). It is recommended that the recovery time be higher
than three times the exercise time.

IV. CONCLUSION

This work highlighted the results obtained on the coordi-
nation abilities of a sample of college students, tested with
two types of standardized tests through the use of an Inertial
Measurement Unit sensor. Such a sensor showed excellent
reliability, accuracy and ability to minimize subjective error.
Although the handling of these tests is basic and validated,
there are many chances to cause direct measurement errors
while performing them, reducing the accuracy and precision
of the collected results. Measurement errors can be related to
several instrumental, subjective and environmental factors. In
RT, for example, the observer may apply an inaccurate method

Fig. 5. Fitting curve calculated from the mean amplitude of the peaks obtained
during the tapping trials by each subject

or become distracted, vitiating the test outcome. Instead during
TT, when the index finger tapping could be exceptionally
rapid, the observer may be unable to count the taps. Indeed,
the human eye can perceive up to more than 240 Hz, or
between 30 and 60 frames per second. Some studies claim
that the human eye cannot detect more than 60 frames per
second [18]. Moreover, the evaluation of the tapping frequency
in the TT might be influenced by the amplitude of finger
excursion which is not considered in dedicated App. On the
other hand, by analysing the accelerometer data coming out of
the sensor, it was possible to quantify the amplitude of each
tapping. The IMU sensor data were compared, for both tests,
to the results of standard measuring procedures (Observer and
an application as well for the TT). Based on the data collected,
it was proved that the device used can accurately and reliably
measure reaction time if compared to traditional methods.
In addition to reducing observer-induced error, according to
amplitude, the data gathered via devices provide information
on finger excursion. The integration of objective and valid
neurological evaluation measures, such as reaction time, has
the potential to increase the value of data acquisition in the
attempt to carve out a motor program tailored to the user’s
objectives. Despite being frequently associated with the gold
standard for assessing reaction time, there are no comparison
tables, which are characterized by physiological age-related
declines in coordination abilities. Age and gender might be
factors that lead to the inevitable decrease in our coordination
abilities, in the future, this work could be extended to include
the development and validation of reference tables.
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