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Abstract—Motor deficits requiring clinical evaluation are
common in stroke survivors. The aim of this study is
to find kinematic indices for the objective assessment of
stroke-related motor impairment during the box and block
test (BBT). We tracked the movement of the trunk, pelvis, and
upper limb during the test using eight inertial measurement
units (IMUs). Two groups of subjects were involved: ten
stroke survivors (53.6 ± 19.8 years) with different levels of
motor disability (Upper Extremity Fugl-Meyer score of 54.4 ±

6.4), and 14 healthy subjects (43.6 ± 15.3 years). The data
obtained were processed using validated procedure. The
BBT task was divided into three subphases: reach, transfer,
and coming back. The dominant side of healthy subjects, the
affected and the unaffected sides of patients were compared
in terms of the calculated indices by means of Kruskal–Wallis
test. As expected, significant differences were found between
the dominant side of the control group and the affected side
of patients ( p < 0.05). Most significant differences were found
in parameters related to hand kinematics. A significant strong
correlation (rs) was found between the mean value of the indices and the score that patients achieved in the BBT
(0.6 < |rs| < 0.8 and p < 0.05). The study of the entire kinematic chain of pelvis, trunk, and upper limb revealed a
compensation strategy used by stroke patients.

Index Terms— Assessment, biomechanics measurements, box and block test (BBT), inertial measurement unit (IMU),
kinematics, stroke.

I. INTRODUCTION

PEOPLE with stroke experience upper limb motor impair-
ments [1], [2], [3], including weakness (hemiparesis),

paralysis (hemiplegia), proprioceptive deficits, impaired move-
ment organization, reduced range of motion (RoM), and
impaired strength. Reduced dexterity in using limbs is com-
mon among stroke survivors. This deficit reduces their
quality of life by impinging on everyday tasks. Clinical and
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instrumental tests consider different aspects of the patient
to assess the damage caused by this disease, ranging from
stroke-related blood markers [4] to tests assessing posture and
balance [5] or upper limb function [6].

As for the latter, the Upper Extremity Fugl-Meyer Assess-
ment (UE-FMA) [7], the Action Research Arm Test [8] and the
box and block test (BBT) [9], [10], [11] are commonly used
in clinical environment to assess patients’ hand function [12],
[13], particularly during rehabilitation [14], [15]. The BBT
requires the subject to move wooden blocks from one side
of a box to the other. The BBT is used in a wide range of
pathologies (stroke, multiple sclerosis, and geriatric fibromyal-
gia) and is a quick and simple test to measure unilateral gross
manual dexterity [16]. It is made up of a wooden box which
is divided into two compartments of equal size by means
of a partition wall. The dimensions of the partition must be
25.4 × 25.4 × 8.5 cm, and the height of the partition must
be 15.2 cm. The blocks must be placed in the partition on
the tested side. The standard BBT is to move the maximum
number of blocks successively, side-to-side within 60 s. The
fingertips must cross the partition when moving the blocks
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without touching it in order to have a valid movement for
the test.

Beside clinical tests, the assessment of patients’ motor
abilities is based on observation by the healthcare professional
performing the evaluation. This procedure is subjective, time-
consuming and with limited sensitivity [17], [18]. To increase
the accuracy of motor assessments and provide a complete
overview of the patient’s condition, clinical scales can be
supported by objective measurements from kinematic analy-
sis [19]. Recently, more attention has been given to the analysis
of kinematic parameters using unobtrusive instruments such as
wearable sensors, optoelectronic systems, or force platforms.
Several studies have shown how wearable sensors can be
reliable for the acquisition of kinematic data in the field of
biomechanics [20], [21], [22], [23], [24], [25], [26], [27], [28].

In more recent years, various systems that use inertial mea-
surement units (IMUs) have been developed for the kinematic
study of joint segments or the entire body. IMU sensors are
becoming increasingly popular because they are noninvasive,
very versatile [29], [30], [31], [32], [33], [34], [35], [36], [37],
[38], [39] and accurate [40] enough for many biomechanical
studies. Digo et al. [41] used IMU sensors to study upper
limb kinematics in an industrial context. Cifuentes et al. [42]
presented a wearable device, placed on the forearm, that uses
an IMU sensor and surface electromyography (sEMG) sensors
to assess rehabilitation improvements in poststroke patients.

Several articles have suggested kinematic assessments dur-
ing BBT, calculating some parameters proposed as indices of
motor impairment. An IMU sensor worn on the wrist was
used by Okita et al. [43]. They introduced a new parameter
(peak intensity) related to the trend of hand velocity and
focused on analyzing hand movement. They demonstrated that
the quality of remote rehabilitation can be quantified using
parameters such as peak intensity and smoothness metrics.
Kontson et al. [44] used a system consisting of two force
platforms and an optoelectronic system to compare the results
of three different versions of the BBT. Cho et al. [45] proposed
a virtual version of BBT using a conventional depth camera.
Everard et al. [46] used a virtual reality system to administer a
virtual version of BBT to analyze mean and peak velocity and
hand trajectory smoothness in stroke patients. Zhang et al. [47]
proposed a system based on BBT for the assessment and
prediction of age-related cognitive decline using a wearable
sensor on the wrist. Hebert et al. [48] used a motion capture
system to analyze the performance of specific joint segments
(i.e., hand trajectories, wrist, and trunk) of healthy volunteers
during a modified BBT.

All the presented studies evaluating BBT kinematics in
stroke patients have used either complex mocap systems or
wearable sensors with limited measuring capability. The main
limitation of these studies is in their focus on hand-related
parameters, losing all information related to the upper limb
kinematic chain. Investigating the motion of the entire limb,
in combination with the trunk and pelvis, would: 1) provide
a more complete picture of the patient’s clinical situation;
2) better track their progress during rehabilitation; and
3) allow to evaluate which joint is most affected by the

disability. The sole analysis of parameters related to hand
kinematics introduces the risk of confusing a patient’s progress
with the compensation strategies [49] they use to complete
the movements. Utilizing a more sophisticated biomechanical
model, incorporating the pelvis and trunk, enables the isolation
of the contributions of each joint allowing a more compre-
hensive and clinically applicable motor pattern assessment.
It is still an open challenge to comprehensively study the full
3-D kinematic analysis of the upper limb during BBT using
wearable sensors with the final aim to provide objective param-
eters derived from kinematics to be employed as assessment
instruments of motor impairment in stroke.

In this study, as an optimal compromise between simplicity
and measurement capability, we analyzed the ability of IMU
sensors to track the motor performances of ten stroke survivors
(EXP group) and 14 healthy participants (CTRL group) exe-
cuting an adapted version of the BBT with the dominant side
for CTRL group and affected (AS) and unaffected (US) side
for EXP group. Data were collected using IMU sensors placed
on the upper limbs, trunk, and pelvis. Kinematics parameters
were calculated for each of the three phases of the BBT:
reaching, transfer, and coming back, and statistically compared
between different groups (CTRL, EXP_US, and EXP_AS).
The objective is to identify kinematic indices to distinguish
between healthy subjects and stroke patients and capable of
assessing their motor impairment level, a potentially valuable
tool for monitoring improvements during rehabilitation.

II. MATERIALS AND METHODS

A. Participants
Ten stroke participants were included in the study (EXP

group: five females/five males and age 53.6 ± 19.8 year)
according to the following inclusion criteria: 1) first-ever
unilateral, cortical, subcortical, or mixed stroke, caused by
ischemia or hemorrhage (confirmed by magnetic resonance
imaging), that occurred 3–12 months prior to study inclusion;
2) upper limb hemiparesis that was caused by the stroke;
and 3) age between 18 and 80 years. The exclusion criteria
were the presence of: 1) neuropsychological deficits prevent-
ing the ability to understand the instructions related to the
experiment; 2) concomitant diseases affecting the upper limb
motor function (i.e., orthopedic injuries or other neurologic
diseases affecting reaching or grasping); and 3) spasticity of
each segment of the upper limb scored higher than 4 on the
Modified Ashworth Scale (MAS [50]). All stroke participants
were recruited within the inpatients and outpatients services
of IRCCS, Fondazione Santa Lucia, Rome, Italy and were
undergoing a rehabilitative treatment (usual care).

The 14 healthy participants (CTRL group: nine females/five
males and age 43.6 ± 15.3 year) participated in the study as a
control group. Subjects neither present any evidence/known
history of neurologic or neuromuscular disorders nor any
permanent/transient condition that could affect upper limb
motor function.

Expert physiotherapists performed clinical and functional
evaluation before data acquisition (same day) by means of the
following scales: 1) the National Institute of Health Stroke
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TABLE I
DEMOGRAPHIC AND CLINICAL CHARACTERISTICS OF THE

PARTICIPANTS (MEAN ± STANDARD DEVIATION)

Scale (NIHSS) to assess general impairment derived from
stroke [51]; 2) the Manual Muscle Test (MMT) to assess
strength in the paretic upper limb testing shoulder abduction,
elbow flexion/extension and wrist flexion/extension [52]; and
3) the MAS scale to assess spasticity of shoulder, elbow, and
wrist muscles [50].

The upper extremity section of the Fugl-Meyer Assessment
scale (FMA), comprising the four subscales “upper extremity,”
“wrist,” “hand,” and “coordination and speed” was performed
to extensively describe the paretic upper limb residual func-
tion [53]. Handedness was assessed in all participants by
means of the short form of the Edinburgh Handedness Inven-
tory (EHI [54]). The EXP group did a standard BBT with
both sides, before the start of the acquisition procedure. All
information about the two groups are shown in Table I.

According to the classification proposed in the litera-
ture [55], the EXP group falls within the mild motor
impairment category (FMA < 47), supporting the internal
consistency of the group and the relevance of the results within
this clinical subgroup.

For both groups, anthropometric measurements were taken
of shoulder-to-shoulder distance and arm (olecranon process
acromion process), forearm (styloid process of radius ole-
cranon process), and hand length (styloid process of radius
phalanges). The measures were used to develop a biomechan-
ical model specific for each subject.

The study was approved by the local ethics board at IRCCS,
Fondazione Santa Lucia, Rome (CE PROG.752/2019) and all
the participants signed an informed consent. The protocol
complied with the Declaration of Helsinki.

B. Experimental Set-Up
A total of eight IMU sensors (MTw’s Xsens Technologies,

Enschede, The Netherlands) were attached to the pelvis,
chest, humerus, forearm, and hand on both sides using
double-sided medical tape, as shown in Fig. 1 according

Fig. 1. Front and back views of the placement scheme of IMU sensors
(represented by orange rectangles) on subjects. IMUs were placed over
the lower back (pelvis), clavicular notch (trunk), midway between the
shoulder and the elbow (arm), midway between the elbow and the wrist
(forearm), and in the center of the torso of the hand (hand).

Fig. 2. Subject during a preliminary familiarization phase. The subject
is wearing the IMU sensors for kinematic acquisitions, other than EMG
and EEG probes. Data from those sensors were not used in this article.

to Colamarino et al. [56], [57]. After IMUs were placed,
we performed a sensor-to-segment calibration similar to that
already validated for the lower limb [40] prior to the start
of the protocol. The objective of this procedure is to achieve
alignment of the segment and sensor independently for each
sensor, thus obviating the necessity for a dedicated instrument
nor specific sensor positioning. The biomechanical model of
the upper limb, used in this study, was applied after segment-
to-sensor calibration. The complete experimental setup was
multimodal and included electromyography (EMG) and elec-
troencephalogram (EEG) sensors, as shown in Fig. 2. Data
from these sensors were not used in this study; only IMU
data were used and presented. The IMUs’ signals were syn-
chronized through the use of an Awinda station and managed
via Xsens’ proprietary communication protocols.

C. Experimental Protocol
Once instrumented, subjects were asked to perform the

functional calibration. The subject was asked to assume the
two positions shown in Fig. 3 for 5 s each. In the first position,
subjects were required to sit with back parallel to backrest
and arms, forearms and hands parallel to sagittal plane.
In the second position, the subjects were asked to maintain
a semi-reclined position with their arms, forearms and hands
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Fig. 3. First and second positions assumed by the subjects during the functional calibration are shown. On the right is the orientations of the
reference systems related to the body segments of the trunk, humerus, forearm, and hand.

parallel to the sagittal plane. The adoption of this procedure
was necessary for patients with severe impairment, who could
not stand or perform movements with sufficient precision,
as requested by other sensor-to-segment calibrations.

Our experiment asked participants to move 20 blocks, with
the additional task of returning to the starting position after
each block was moved. This made possible to divide each
repetition’s movement into three phases. The Reaching phase
(Rph) is the first movement made by the subject from the
starting point to the point of contact with the block. The
transfer phase (Tph) is when the subject carries the block from
one side of the box to the other. From the moment when the
subject leaves the block and returns to the starting point, the
coming back phase (CBph) is defined. This version of BBT
analyzes also two additional phases (Rph and CBph), with
respect to the original test, which only focuses on Tph. Both
groups were tested on both sides.

To help patients with severe motor deficits, an 8.5-cm
partition was used, 6.7 cm lower than in the classic BBT.
Patients were given a 20-s trial period to practice movement.
Participants were free to choose where to place the blocks in
the arrival side of the box and in what order to move them.
Participants were asked to start from the same position, with
their hand resting on the armrest of the chair, choosing which
block to start with as they pleased.

D. Data Analysis
The biomechanical model was implemented in MATLAB

(v.2021a, MathWorks, Natick, MA, USA) and used to pro-
cess the data obtained. No further filtering, outlier removal,
or imputation techniques were applied in MATLAB. Propri-
etary preprocessing was considered sufficient for the purposes
of this preliminary analysis. The body segments considered
were: pelvis, trunk, arm, forearm, and hand of both sides. The
anatomical joints analyzed were pelvis, shoulder, elbow, and
wrist.

This model allowed us to obtain the angles of the articular
joints and was previously adopted by Germanotta et al. [58]
and Zampogna et al. [59]. Our biomechanical model is com-
posed of eight body segments, more specifically: 1) pelvis
(plv); 2) trunk (tr); 3) and 4) right and left arms (rarm, larm);
5) and 6) right and left forearms (rfarm and lfarm); and
7) and 8) right and left hands (rhn an lhn). For each body
segment, a reference body frame was defined in the neutral

position (see Fig. 1), as follows: yz plane parallel to the sagittal
plane, y-axis as anterior/posterior pointing forward, and z-axis
vertically oriented and pointing upward. All anatomical joints
were considered spherical joints with an xyz rotation sequence.

According to [40], the rotation matrix between two adjacent
body segments was calculated as follows:

bI RbJ =

(
gnd RsI

sI RbI

)T gnd RsJ
sJ RbJ (1)

where bI and bJ are the proximal and distal body segment and
the gnd RsJ the quaternion derived rotation matrix representing
the I th-sensor orientation. sI RbI represents the rotation matrix
between the I th body segment and the I th sensor obtained
through the functional calibration procedure.

The roto-translation matrix between two adjacent body
segments was obtained by considering the following equation:

tr Orarm =

 wtr
2
0
0

T

(2)

rarm Orfarm =

 0
0

−lrarm

T

(3)

rfarm Orhn =

 0
0

−lrfarm

T

. (4)

After obtaining the roto-translation matrices for each body
segment, the roto-translation matrix between the right hand
and the trunk body segment was obtained as follows:

trTrhn =
trTrarm

rarmTrfarm
rfarmTrhn (5)

trTrhn =

[ tr Rrhn
tr Orhn

0 0 0 1

]
(6)

where wtr the width of the trunk, lrarm the length of the arm,
lrfarm the length of the forearm and tr Orhn the trajectory of the
hand in the 3-D space of the trunk coordinate system.

By combining these variables with the specific subjects’
anthropometric data, we obtained the trajectory of the articular
segments and the anatomical joints angles. Articular segment
velocity and acceleration were calculated as first and second
derivative of the trajectory, obtained from the resolution of
the biomechanical model. The velocity and acceleration of the
hand were calculated as the first and second derivatives of the
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Fig. 4. Temporal profile obtained during a single repetition of BBT by a representative subject of each group. (a) Hand velocity module of EXP-US
group with the unaffected side. (b) Hand velocity module of EXP-AS group with the affected side. (c) Hand velocity module of CTRL group with the
dominant side. Blue line for Rph, orange line for Tph, and purple line for CBphs.

hand’s trajectory, respectively. Hand velocity signal was used
to segment the repetitions into phases. As a leading signal we
used the hand velocity module, identifying the points where
local minima, with a drop on both sides of at least 350 mm/s,
occurred. Fig. 4 shows three examples for the three groups of
the velocity module signal segmented into the three phases.

The indices analyzed were given as follows.
1) The maximum velocity (mm/s) of the hand both in

modulus and along the three main directions (AP, ML,
and V). The maximum value achieved in each repetition
was found, as follows:

Max velocity = max (|Vi |) (7)

where Vi is the velocity profile of the i th repetition.
2) The mean acceleration (mm/s2) of the hand both in mod-

ulus and along the three main directions [anteroposterior
(AP), mediolateral (ML), and vertical (V)]. The mean
acceleration of each repetition was calculated as follows:

Mean acceleration =

∑n
i=1 |Ai |

n
(8)

where Ai is the hand acceleration profile at the i th repetition
and n is the number of values in Ai .

3) The ranges of motion (measured in degrees) of all
joints (pelvis, shoulder, elbow, and wrist) around the
anatomical planes. To obtain this index, the mean of the
difference between the maximum and minimum values
(in degrees) reached by the articular joints per repetition
was made, as follows:

RoM i = (θM − θm)i (9)

where θM and θm are, respectively, the maximum and mini-
mum values of the joint movement in the anatomical reference
plane, of the i th repetition.

4) The excursion ranges (RoE, measured in millimeters) of
the hand and trunk. To obtain this index, the mean of the
difference between the maximum and minimum value of
the position of the body segment under examination in
the reference direction was made, as follows:

RoEi = (PM − Pm)i (10)

where PM and Pm are, respectively, the maximum and min-
imum segment position in the reference direction, of the i th
repetition. A normalization was performed for this index by
dividing the ideal RoE of a straight trajectory between the start
and end points of the movement by the actual RoE that was
performed.

E. Statistical Analysis
Since no statistical differences were found between the

dominant and nondominant sides, for healthy subjects only
the dominant (right) side was considered. For patients, both
tests performed were taken into account, grouping them into
affected (contralateral to the brain hemisphere of the insult)
and unaffected (ipsilateral to the brain hemisphere of the
insult) sides.

Between-group differences were evaluated by means of a
nonparametric independent samples test (Kruskal–Wallis test,
p < 0.05) applied considering as between group factors the
three groups: CTRL—control group executing the task with
the right hand; EXP_US—stroke group executing the task
with the unaffected hand; EXP_AS—stroke group executing
the task with the affected hand. Dunn’s test for multiple
comparisons was used to assess between-groups differences.
This test was performed for each index and for each movement
phase.

To seek a correlation between the mean values across
subjects of the indices studied and the score obtained by
the patients during the clinical BBT with their affected side,
we used Spearman’s test. Correlation was assessed as signif-
icant when p < 0.05. The correlation coefficient (rs) can
be interpreted as: no correlation, if |rs| ≤ 0.1; mid/modest
correlation, if 0.1 < |rs| ≤ 0.3; moderate correlation, if
0.3 < |rs| ≤ 0.6; strong correlation, if 0.6 < |rs| < 1;
and, finally, perfect correlation, if |rs| = 1 [29]. Normality
was tested using the Shapiro–Wilk test. The majority of the
variables were normally distributed, although a few deviated
from normality (p < 0.05).

III. RESULTS

Fig. 4 shows hand velocity modules for a representative
individual of all three groups performing one repetition of



6630 IEEE SENSORS JOURNAL, VOL. 26, NO. 5, 1 MARCH 2026

Fig. 5. Hand trajectory with respect to the trunk, obtained during a single repetition of BBT by a representative subject of each group. (a) EXP-US
group with the unaffected side (left side). (b) EXP-AS group with the affected side (right side). (c) CTRL group with the dominant side (right side).
Blue line for Rph, orange line for Tph, and purple line for CBphs.

BBT: (a) unaffected and affected sides of a patient, respec-
tively, and (c) the dominant hand of a control subject. The
signal can be divided into three bell-shaped contributions, one
for each of the three phases. Using the criterion explained
in Section II-D, we could segment trials regardless of their
execution time, which is usually shorter in the CTRL group
with respect to the others. We also conducted statistical tests
to verify that there were no statistical differences between the
two experimental groups. We used a t-test on the age and
upper limb length of the subjects. The tests did not reveal any
statistically significant differences between the groups.

Fig. 5 shows the hand trajectory with respect to the trunk
for a representative individual of all three groups performing
one repetition of the BBT: (a) unaffected and (b) affected sides
of a patient, and (c) the dominant hand of a control subject.

Fig. 6 shows the mean values, standard deviations, and
significances obtained with the Kruskal–Wallis test, performed
on the hand-related parameters for each phase (reaching,
transfer, and coming back).

The experimental group reached a lower maximum hand
velocity with respect to the control group in the mediolateral
direction during Tph and CBph [see Fig. 6(b)], and in the ver-
tical direction during all phases of movement [see Fig. 6(c)].
A lower value of maximum hand velocity of the affected hand
with respect to the unaffected is observable in the antero-
posterior direction during CBph [see Fig. 6(a)], mediolateral
during Tph [see Fig. 6(b)], and in the vertical direction in
both Rph and CBph [see Fig. 6(c)]. We found higher mean
hand acceleration values in EXP_US than in EXP_AS, during
the Rph phase (p < 0.05) in the anteroposterior direction
[see Fig. 6(d)], and especially during the CBph phase (p <

0.01) in the AP and V-directions [see Fig. 6(d) and (f)]. In the
comparison between CTRL and EXP_AS, higher values were
found for the mean hand acceleration during Rph in the
vertical direction [see Fig. 6(f)]. For the RoE of the hand with
respect to the trunk [see Fig. 6(g)], a higher value was found
for EXP_AS than for CTRL during Rph (p < 0.05) and lower
during CBph (p < 0.01).

Fig. 7 shows the mean values, standard deviations, and
significances obtained with the Kruskal–Wallis test, performed
on the shoulder and trunk-related parameters. We noticed how
the RoM of the shoulder is significantly reduced (p < 0.05 as

stated by Dunn’s test) in the EXP group when executing the
task with the affected hand with respect to the CTRL group in
the frontal plane during Tph [see Fig. 7(a)] and in the sagittal
plane during Rph [see Fig. 7(b)]. Moreover, we found a higher
lumbar angle in the frontal plane in the EXP group when
executing the task with the affected side with respect to the
CTRL group in all three phases [see Fig. 7(c)].

Overall, the power analysis of each Kruskal–Wallis equiv-
alent ANOVA test confirmed an average statistical power of
approximately 0.8 for hand velocity, acceleration, and normal-
ized range of excursion, and lumbar angle in the frontal plane,
supporting the reliability and robustness of these findings.

Table II shows the results of the correlation study between
the indices and the score of the BBT obtained by the EXP
group when executing the task with the affected side. Strong
correlations were found during Rph in maximum velocity and
mean hand acceleration in the vertical direction (rs = 0.75 and
p = 0.01, and rs = 0.74 and p = 0.01, respectively). During
Tph, maximum hand velocity in the ML direction (rs =

0.63 and p = 0.05) and shoulder RoM in the frontal plane
(rs = 0.79 and p < 0.01) were strongly correlated with BBT
score. Strong negative correlation was found during CBph for
lumbar angle in the frontal plane (rs = −0.70 and p = 0.02).

IV. DISCUSSION
In this study, we analyzed the motor patterns of subjects

while performing an adapted version of the BBT using IMUs
on the upper limb, trunk, and pelvis. As the severity of
the impairment is supposed to be independent of which
hemisphere is affected, and therefore of dominance [60],
[61], we compared the affected and unaffected sides of
stroke survivors with the dominant side of healthy controls,
to find kinematic parameters for an objective assessment of
stroke-related motor impairment. These indices can then be
employed in conjunction with clinical scales to obtain a
comprehensive representation of the patient’s motor status,
thereby facilitating the monitoring of improvements during the
rehabilitation phase.

Focusing on kinematic indices related to the hand, in most
cases, the affected limb reaches lower values than both the
control group and the unaffected limb. Analyzing the velocity
vector along the three components, the main differences were
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Fig. 6. Boxplot with median and interquartile range reporting the results of the Kruskal–Wallis test computed considering as between factor the
groups (CTRL, EXP_US, and EXP_AS) and as dependent variables. (a) Maximum velocity of the hand in the anteroposterior direction. (b) Maximum
velocity of the hand in the mediolateral direction. (c) Maximum velocity of the hand in the vertical direction. (d) Mean acceleration of the hand in the
anteroposterior direction. (e) Mean acceleration of the hand in the mediolateral direction. (f) Mean acceleration of the hand in the vertical direction.
(g) Normalized range of excursion of the hand with respect to the trunk in mediolateral direction, each considered separately. The test was repeated
for each of the three phases: Rph, Tph, and CBph. The symbols ∗ and ∗∗ highlight statistical differences (p < 0.05 and p < 0.01, respectively) as
stated by Dunn’s post hoc test. The p-value resulting from the Kruskal–Wallis test is shown in parentheses.

Fig. 7. Boxplot with median and interquartile range reporting the results of the Kruskal–Wallis test computed considering as between factor the
groups (CTRL, EXP_US, and EXP_AS) and as dependent variables. (a) RoM of the shoulder in the frontal plane. (b) RoM of the shoulder in the
sagittal plane. (c) Lumbar angle in the frontal plane. The test was repeated for each of the three phases: Rph, Tph, and CBph. The symbols ∗

and ∗∗ highlight statistical differences (p < 0.05 and p < 0.01, respectively) as stated by Dunn’s post hoc test. The p-values resulting from the
Kruskal–Wallis test are shown in parentheses.

observable in the vertical and mediolateral directions, while
the anteroposterior direction seems to be less affected. The
vertical direction seems to be the most affected. Indeed, in all
three phases of movement, there is a difference between the

control group and the affected limb, and in both Rph and
CBph, it is also present between the affected and unaffected
limb. The correlation study of the hand velocities in the vertical
and mediolateral directions showed results consistent with the
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TABLE II
RESULTS OF SPEARMAN’S CORRELATION TEST BETWEEN THE VALUES OF THE PRESENTED INDICES AND THE SCORE OBTAINED FOLLOWING

THE CLINICAL BBT. FIRST COLUMN IS THE PARAMETER NAMES; SECOND COLUMN IS THE TASK PHASE; THIRD COLUMN IS THE

CORRELATION LEVEL; AND FOURTH COLUMN IS THE p-VALUE

Kruskal–Wallis test. Strong correlations were found in Tph in
the mid-lateral plane (rs = 0.63 and p = 0.05) and during
Rph in the vertical plane (rs = 0.75 and p = 0.01). It seems
evident that vertical movement is severely impaired after a
stroke. Rph and CBph are influenced by gravity, as subjects
are required to raise and lower their hand to perform the
required movement. The start and end position is with the
arm on the armrest of the chair, and a deficit in recruiting
shoulder flexor muscles influences the capability to raise and
lower the hand in a controlled way. As reported in literature,
one of the main consequences of stroke is a reduced RoM
of the shoulder [62], [63], [64], [65]. Further confirmation
is provided by the results obtained by studying the mean
accelerations reached by the hand. Again, the affected limb
of the EXP group always reaches lower values than both
the control group and the unaffected limb. The significant
differences are observable in the anteroposterior and vertical
directions of movements. In the vertical direction, a strong
correlation was also found with the clinical scale during Rph.
By studying the normalized RoE of the hand in the mediolat-
eral direction, an opposite behavior can be observed between
the control group and the affected limb of the EXP group.
RoE of the hand is influenced by the initial position of the
block. To minimize this dependence, we decided to normalize
this index, as described in Section II-D. In Rph, the control
group appears to make larger movements than the affected
limb of the patients, who, instead, maintain a more rectilinear
trajectory. This behavior is reversed during CBph, where the
healthy subjects tend to turn back following a more rectilinear
path than the affected limb. This could be due to different
movement planning by the two groups. Healthy subjects tend
to have wider trajectories [see Fig. 5(a)] probably because
they have more confidence in making planned movements.
In contrast, stroke survivors tend to have shorter trajectories
[see Fig. 5(b) and (c)], because they probably require more
concentration even in simple movements. During CBph, on the
other hand, we can assume that this control is much less
present and therefore patients tend to deviate from an ideal
trajectory.

By analyzing results on the kinematics of the upper limb
and trunk, it is possible to hypothesize a compensation strategy
of patients for their reduced ability to flex the shoulder. Other
studies have pointed out that stroke patients are more likely to
use trunk strategies to compensate the motor impairment [49],
[66], [67]. Indeed, if we look at the results of RoM of the

shoulder in the sagittal plane, we can see that the affected
limb always reaches lower values than the other two groups.
In Rph there is also a statistical difference between the control
group and the affected limb. However, an opposite behavior
can be noted for the lumbar angles in the frontal plane. In all
phases, the affected limb reaches higher values than the other
groups, and there is a significant difference between the control
group and the affected limb in all phases. A possible way
for a subject to raise a hand without using the shoulder is to
move the trunk in a mediolateral direction by performing a
lumbar rotation in the frontal plane. The confirmation of this
behavior comes from the correlation study, which, also in this
case, shows a strong negative correlation, meaning that as the
score on the BBT decreases (the impairment increases), the
patient makes higher use of the lumbar joint to perform
the movement.

Having modified the BBT by adding CBph, allowed us
to study the complete evolution of common movements per-
formed in everyday life, including the return phase. In fact,
many differences were found during CBph, which shows the
importance of studying this phase of a movement.

Most studies evaluating kinematics during BBT only con-
sider hand-related parameters to assess patients’ impairment
status [43], [44], [47]. The results obtained confirm the
importance of hand kinematic parameters in the assessment
of impairment. However, by examining the behavior of the
entire upper limb kinematic chain, in addition to the trunk
and pelvis, it is possible to reach a more complete picture of
the patient’s condition and to study compensatory behaviors
that would otherwise be undetectable. The correlation between
the presented indices and the clinical scale substantiates the
hypotheses proposed in the discussion. It also highlighted how
the kinematic analysis of the entire upper limb, in conjunc-
tion with the trunk and pelvis, offers a more comprehensive
representation of the patient’s condition with respect to the
examination of hand parameters alone.

The results of this study are promising and suggest that
the kinematic indices presented can be used to objectively
assess the status of disability caused by stroke. Maximum
hand velocity in the vertical direction and lumbar angle in
the frontal plane were the indices with the greatest differences
between the CTRL and EXP_AS groups in all phases of the
movement. In addition, maximum hand velocity in the verti-
cal direction also showed differences between EXP_US and
EXP_AS.
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V. LIMITATIONS AND FUTURE RESEARCH DIRECTIONS

Despite the encouraging findings, the small sample size in
both groups constitutes a limitation for the statistical power
and generalizability of the results. A further potential limita-
tion of the present study concerns the stroke patient cohort. All
participants exhibited mild motor impairment, as indicated by
their FMA scores, reflecting a homogeneous clinical profile.
While this enhances the internal validity of the findings, it may
limit their generalizability to stroke populations with more
severe motor impairments. Furthermore, the task was not
standardized in terms of the order of the blocks to be moved
and their initial and final placement. In fact, we wanted to
keep the task as similar as possible to the one performed in
clinical practice.

Although IMUs have lower measurement accuracy than
optoelectronic systems, they present many advantages.
An IMU system, such as the one used in this study, is portable
and does not require a fully dedicated space. Furthermore,
patients with walking deficits and/or using aids as wheelchairs
can cause concealment of the optoelectronic system markers.
Future studies will include larger cohorts of participants to
confirm these results and enhance the robustness of the con-
clusions. Further investigations at different poststroke stages
will also be conducted to extend and integrate the results of
this preliminary study.”

VI. CONCLUSION

In this study, a novel method of performing kinematic
analysis using IMU sensors during BBT testing is proposed.
The IMU sensors were applied along the entire kinematic
chain from the pelvis to the hand. A modified version of
the BBT has been introduced, which includes the task of
returning to the starting position after each repetition, allowing
the study of two additional phases (Rph and CBph) with
respect to the original BBT. The indices proposed in this
study are maximum speeds, average accelerations, normalized
hand RoE, shoulder joint angles, and lumbar angles. The hand
indices were separated along the main directions (AP, ML, and
V). The shoulder joint angles and lumbar joint angles were
separated according to the anatomical planes (sagittal, frontal,
and transverse).

The Kruskal–Wallis test was applied to all indices to high-
light statistically significant differences. The proposed indices
can be used for the objective assessment of impairment due
to stroke. Those that proved to be most sensitive are the
maximum speed of the hand in the V and ML direction, the
average acceleration of the hand in the V and AP direction,
the normalized RoE of the hand in the ML direction, and the
lumbar angle in the frontal plane.

A correlation study between the results of the classic BBT
and the value of the indices obtained from the affected limb
of the patients was conducted. Strong correlations were found
in certain phases of the movement, which confirmed the
hypotheses and assumptions made on the indices presented.

By comparing indices trends, we hypothesized a compensa-
tion strategy during the use of the affected limb by the patients.
It was possible to observe how the most affected muscle chain

is that of the shoulder flexor muscles, leading patients to adopt
a lumbar compensation strategy.

In a clinical setting, the kinematic indices presented in
this study could be used to accompany the clinical scales
that are commonly used. The implementation of an objective
tool for the assessment of subjects’ clinical status would
offer numerous advantages. The proposed approach would
standardize the disability status of patients, thereby ensuring
consistency and reducing the potential for bias. This tool will
help novices to familiarize themselves with clinical scales
and gain a complete picture of the patient’s motor function.
Finally, these indices, or the entire procedure, could be used
to encourage telemedicine procedures, thereby reducing the
workload on hospital facilities. A future application dependent
on technological developments toward greater usability, even
for nontechnical users. Future studies will be conducted to
increase the number of participants in both groups and carry
out further data processing to find other potential indices for
the evaluation of motor impairment due to stroke. The acquired
data will also be processed to study the behavior of the two
groups over time and to provide useful indices for evaluating
the progress of rehabilitation therapy, also in terms of muscle
fatigue.
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