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Upper limb assessment with inertial measurement units according to the 
international classification of functioning in stroke: a systematic review and 
correlation meta-analysis
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and Giuseppe Vannozzia,b
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Research Center, Università Telematica “eCampus”, Novedrate, Italy; dRehabilitation Unit, Villa Sandra Institute, Rome, Italy; eDepartment of 
Neuroscience and Rehabilitation, University of Ferrara, Italy; fDepartment of Life, Health and Environmental Sciences, University of L’Aquila, 
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ABSTRACT
Objective: To investigate the usefulness of inertial measurement units (IMUs) in the assessment of motor 
function of the upper limb (UL) in accordance with the international classification of functioning (ICF).
Data sources: PubMed; Scopus; Embase; WoS and PEDro databases were searched from inception to 
1 February 2022.
Methods: The current systematic review follows PRISMA recommendations. Articles including IMU 
assessment of UL in stroke individuals have been included and divided into four ICF categories (b710, 
b735, b760, d445). We used correlation meta-analysis to pool the Fisher Z-score of each correlation 
between kinematics and clinical assessment.
Results: A total of 35 articles, involving 475 patients, met the inclusion criteria. In the included studies, 
IMUs have been employed to assess the mobility of joint functions (n = 6), muscle tone functions (n = 4), 
control of voluntary movement functions (n = 15), and hand and arm use (n = 15). A significant correla
tion was found in overall meta-analysis based on 10 studies, involving 213 subjects: (r = 0.69) (95% CI: 
0.69/0.98; p < 0.001) as in the d445 (r = 0.71) and b760 (r = 0.64) ICF domains, with no heterogeneity 
across the studies.
Conclusion: The literature supports the integration of IMUs and conventional clinical assessment in 
functional evaluation of the UL after a stroke. The use of a limited number of wearable sensors can 
provide additional kinematic features of UL in all investigated ICF domains, especially in the ADL tasks 
when a strong correlation with clinical evaluation was found.

ARTICLE HISTORY 
Received 26 June 2022  
Accepted 24 March 2023 

KEYWORDS 
IMU; Accelerometer; 
Biomechanics; Wearable 
technology; Patient outcome 
assessment; Rehabilitation; 
Upper body

Introduction

Stroke is one of the leading causes of disability world
wide and can result in permanent motor impairment 
in 80% of cases.1,2 Up to 85% of patients show an 
initial deficit in the upper limb (UL) and problems 
remain, 3–6 months later in 55% to 75% of patients.3 

Common manifestations of UL motor impairment 
include muscle weakness or contracture, changes in 
muscle tone, joint laxity, and impaired motor control. 
These impairments induce disabilities in common 
activities such as reaching, picking up objects, and 
holding onto objects4 and consequently affect the abil
ity to perform activities of daily living5 and quality of 
life.6,7 Despite the importance of UL motor recovery, 
in clinical and experimental settings, evaluation 

methods are subjectively scored by clinicians, and 
the assessment results vary individually8 and present 
lack of sensitivity to subtle changes in motor perfor
mance throughout the rehabilitation process.9 

Understanding UL impairments is principally com
plex for two reasons: 1) the impairments are not 
static and change during time due to motor recovery 
and 2) multiple impairments may be observed 
simultaneously, i.e. a patient may present with 
weakness of the arm and hand immediately after 
a stroke, which may not have resolved when spasti
city sets in a few weeks or months later, resulting in 
a chronic impairment.10 In these chronic condi
tions, there is the need to apply a biopsychological 
model that considers the illness and health such as 
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the result of an interaction between biological, psy
chological, and social factors.11 above concept is the 
pillar of the World Health Organization’s 
International Classification of Functioning 
Disability and Health (ICF) that aims to provide 
a comprehensive, universal, and international clas
sification of health, health-related domains, and 
a list of environmental factors via a schematic cod
ing scheme. This model tries to improve commu
nication between health care workers, researchers, 
policy makers, and the public including people with 
disability and data comparison across countries. In 
this respect, this improved communication only 
slightly involved the assessment of motor function. 
In fact, while numerous measures are readily avail
able for the evaluation of UL function, no single 
measure is available to encapsulate the entire range 
of activities performed by the UL according to the 
ICF.12 The Fugl-Meyer Assessment scale (FMA) is 
the most commonly used measure for UL evaluation 
after a stroke.13 Moreover, with respect to the ICF, 
the FMA only deals with the body function 
domain.9 For this reason, more than one measure
ment scale is often used for evaluation in about 70% 
of studies (i.e., FMA-WMFT).13 Nevertheless, in this 
multiple outcomes assessment, only a part of ICF 
domains is covered (body function and activity).9,13 

Moreover, relatively few studies have applied the 
ICF model to identify the contributions of specific 
UL impairments, such as muscular weakness, pain, 
and sensory loss, as predictors of activity and 
participation.14

To improve the accuracy of impairment assess
ment of UL, instrumental evaluation can be 
coupled with clinical assessment or clinical scales 
and tests can be sensorised. In this perspective, 
wearable sensors are useful, noninvasive, low- 
cost, and objective tools that are being extensively 
used to assess motor and functional impairment 
in many neurological diseases.15–17 In the last 
decade, the use of inertial motion units (IMUs), 
a subclass of wearable sensors, for clinical pur
poses has moved from laboratory to ambulatory- 
based settings. More recently, we are witnessing 
a transition to unsupervised real-world environ
ments thanks to their affordability, unobtrusive
ness, and higher ecological validity with respect to 

conventional motion analysis.18,19 Several fields of 
medicine, like orthopedic, neurological, physical 
medicine, and rehabilitation and occupational, 
have benefited from wearable IMUs for the assess
ment of the residual motor function both for the 
planning of the intervention and the assessment 
of the efficacy of the treatment over time.20,21 In 
particular, research on clinical movement analysis 
in the past 5 years has focused on the use of IMUs 
for the assessment of neurological gait and bal
ance disorders,22 orthopedic gait disorders,23 and 
neurological and orthopedic disorders of the 
upper limb in standardized laboratory or clinical 
settings.24 While all this has led to significant 
benefits, the vast amounts of data generated by 
these sensors carry issues related to privacy and to 
the extraction of clinically relevant and interpre
table information by practitioners, which may 
discourage their use in the clinical practice.19 

A recent review suggests that IMUs can be prac
tical options to assess motor function during the 
execution of activities of daily life, as well as 
tracking of complex upper limb movements,25 

even though this aspect is not fully recognized in 
clinical practice, and a better understanding is 
necessary to guide future clinical applications of 
wearable technology.26 Similarly, the effectiveness 
of wearable technologies for the treatment of 
stroke needs further investigations to solve the 
unsatisfactory sample sizes and the lack in the 
methodological approaches of studies currently 
available.27

The aim of the present review is to evaluate the 
usefulness of IMUs for the kinematics assessment of 
specific functions of the UL (in accordance with the 
ICF) in patients with stroke. Specifically, we reported 
an overview of kinematics variables and provided 
a first quantification of their correlation with clinical 
evaluation through meta-analysis.

Methods

The current systematic review was performed follow
ing Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) recommendations28 

and was registered in the PROSPERO database 
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(CRD42021240847). We try to respond to the follow
ing research questions: Can IMUs objectively evaluate 
UL motor functions in clinical settings in people with 
stroke? Is there an association between IMUs assess
ment and clinical evaluation?

A literature search of multiple electronic data
bases (PubMed; Scopus; Embase; WoS and 
PEDro) was conducted from inception to 
1 February 2022. We combined Mesh Terms 
and free-terms as keywords “(wearable sensors) 
or (inertial sensors) or (accelerometers) or (sensor) 
or (IMUs) AND (upper limb) AND ((neurological 
disease) or (stroke)) AND (kinematics)” (Complete 
search strategy is available in Appendix A). We 
selected articles that meet the following inclusion 
criteria: 1) stroke population; 2) upper extremity 
assessment through inertial measurement 
units; 3) English language. Exclusion criteria 
were: 1) other neurological disease; 2) other wear
able sensors such as chemical, optical, and elec
trical sensors; 3) methodological study design 
(not involving humans); 4) gray literature.

All results have been uploaded to an online database 
and screened simultaneously and independently by 
three reviewers (AB, AMC, and PP). At the end of 
the process, in the event of no agreement, a fourth 
reviewer (GV) was consulted.

ICF classification

The ICF includes several domains that are organized 
in a hierarchical tree structure. The first classifica
tion level defines two categories: “functioning and 
disability” and “contextual factors.” Functioning 
and disability subheading including “body functions 
and structures” and “activities and participation.” In 

the first subheading, we included the following 
domains: b710, mobility of joint functions; b735, 
muscle tone functions; and b760, control of volun
tary movement functions. In the second subheading, 
we included the d445, hand and arm use domain. 
Further ICF’s subheading such as b730, muscle 
power functions; b740, muscle endurance functions; 
d440, and fine hand use were excluded because they 
were not directly investigable via IMUs. All selected 
studies were labeled with an ICF subheading accord
ing to the outcome goals: the relevant assignment 
criterion is reported in Table 1. The studies that 
reported data across two or more domains were 
labeled consistently (the complete allocation is avail
able in Appendix B).

Kinematics parameters

For each ICF domain, we investigated the use of 
IMU-based indices such as spatiotemporal para
meters and global features (i.e., smoothness, sym
metry, and spectral parameters) of UL movements 
(Figure 1). The information on signal processing 
procedures is available in the fifth column of each 
synoptic table (Tables 2–5). In the above- 
mentioned tables, we reported when the variable 
of interest has been estimated from the three- 
dimensional (3D) orientation of the sensor case 
(eventually mediated by a kinematic model). We 
also reported if sensor orientation has been com
puted using a sensor fusion algorithm either based 
on accelerometer, gyroscope, and magnetometer 
data (i.e., 9-axis) or on accelerometer and gyro
scope only data (i.e., 6-axis). In the case of 
a custom-made sensor device, the sensor fusion 

Table 1. Selected domains of the World Health Organization’s International Classification of Functioning Disability and Health (ICF).

Subheading
ICF 

code Domain Definition Classification criterion

Body 
functions (b)

b710 Mobility of 
joint functions

Functions of the range and ease of movement of a joint. IMUs used to assess range of motion.

b735 Muscle tone 
functions

Functions related to the tension present in the resting 
muscles and the resistance offered when trying to move 

the muscles passively.

IMUs used to assess spasticity.

b760 Control of 
voluntary 

movement 
functions

Functions associated with control over and coordination 
of voluntary movements.

IMUs used to assess voluntary movements with or 
without object manipulation in a non-finalized task 

(i.e., Mingazzini test, finger-to-noise task).

Activities and 
participation (d)

d445 Hand and arm 
use

Performing the coordinated actions required to move 
objects or to manipulate them by using hands and arms, 

such as when turning door handles or throwing or 
catching an object.

IMUs used to assess daily activity task (i.e., making 
a cup of tea, turn a key).

TOPICS IN STROKE REHABILITATION 3



algorithm is based on algorithms designed in pre
vious studies.

Statistical analysis

All studies that reported a correlation between 
clinical assessment and IMU parameters in stroke 
population (linear or not linear) have been 
included in the meta-analysis. For the studies 
that reported more than one significant correla
tion result, we calculated the mean of the signifi
cant correlation coefficients. The correlation 
coefficient of each study has been transformed 
into the Fisher Z-score with the appropriate for
mula (linear or not linear). We pooled each 
Z-score and sample size with a random-effect 
model meta-analysis with a 95% of confidence 
interval (IC). Then, a reverse formula was used 
to transform the Z-score into an r value (rounded 
down). We used the following ranges for the inter
pretation of correlation coefficient: 0–0.10 negli
gible; 0.10–0.39 weak; 0.40–0.69 moderate; 0.70– 
0.89 strong; 0.90–1 very strong.49 Heterogeneity 
between studies was assessed by computing the 
Q-statistics and I2 index. Substantial statistical 
heterogeneity was assumed if the Q-statistic was 
significant (p-value < 0.05) and I2 was higher by 

75%. Characterization of variances across studies 
were calculated as no heterogeneity, low hetero
geneity, moderate heterogeneity, and high hetero
geneity, respectively, for the I2 values<25%, 25% 
to 50%, 50% to 75%, and >75%. To investigate 
publication bias, we performed the Egger’s regres
sion test and the Begg-Mazumdar’s test.50 In addi
tion, subgroup analysis has been performed with 
respect to ICF categories.

Results

A total of 711 articles were found. After the duplicate 
removal (137), 574 articles were screened. After 
screening of titles and abstracts, 530 articles have 
been excluded, because they do not meet the inclu
sion criteria. A total of 44 full-text articles have been 
examined. Eight studies have been excluded during 
full-text check, in conclusion, 35 articles have been 
included in the systematic review (flow chart of 
studies screening is available in Figure 2). The 
included studies have been divided, in one or more 
than one domain, with respect to preview ICF clas
sification. IMUs have been employed to assess pas
sive range of motion (ROM) (b710/n = 6), spasticity 
(b735/n = 4), motor control (b760/n = 15), and abil
ity in performing activities of daily living (ADL) 

Figure 1. Schematic representation of spatio-temporal and kinematic parameters recorded through inertial measurement units. The 
investigated spatio-temporal and kinematics variables are reported into the white boxes.
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(d445/n = 15) (the complete allocation is available in 
Appendix B). Ten33,36,37,42,44,46–48,51,52 out of 35 stu
dies investigated the kinematics variables in both 
ULs applying IMUs on affected and unaffected side.

Passive range of motion assessment (b710)

Seven studies have assessed ROM through IMUs in 
a sample of 74 patients,29–34 with a range of IMUs’ 
number from two30 to seven.32

The ROM test was performed in three different 
ways: active ROM (AROM),29,33,34 passive ROM,31,32 

and robot-assisted ROM.30

The most used kinematic variables were the 
joint angles of shoulder, elbow, wrist, and fingers 
either in a single plane or in three dimensions 

(3D). The most investigated tasks were single 
shoulder and elbow flexion-extension. Linear tra
jectories and velocity of anatomical landmarks as 
well as UL’s smoothness have also been investi
gated in a limited number of studies.

Muscle tone functions (b735)

Regarding the proposed ICF subdivision, spasticity 
is the least investigated domain through IMUs.

Four studies have used IMUs to assess muscle tone 
impairment on 82 stroke patients.37–40.

The number of IMUs ranged from one53 to 
three.54,55 Three studies53,54,56 performed a passive 
stretch reflex of the elbow flexors; additionally, Kim 
and colleagues (2020)53 tested the elbow extensors; and 

Figure 2. Flow diagram of studies selection process (PRISMA ver. 2020).28 *All records were excluded by humans.
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Ang and colleagues (2018)54 also tested shoulder, wrist, 
and thumb. Chen et al., 202155 performed 
a multimodal acquisition combining an IMU sensor 
with a surface EMG system (Ultium™ Biomechanics 
System, Noraxon Ltd, USA) during a guided flexion 
extension of the elbow.

Two studies used the Modified Ashworth Scale as 
clinical assessment,53,54 and one of these performed 
a correlation analysis with kinematics data,54 the other 
study used the Tardieu scale.56

The choice of the kinematic variable was heteroge
neous among the selected studies. In particular, angu
lar velocity and acceleration were used to assess the 
spasticity in two studies,53,54 while elbow flexion- 
extension ROM was used in the study of Paulis and 
colleagues (2011).56

Voluntary movements assessment (b760)

Fifteen studies used IMUs to assess voluntary move
ments on 218 stroke patients29,30,37,44,48,51,52,57–64 with 
a number of IMUs’ ranging from one64 to fourteen.37

A high heterogeneity with respect to the required 
tasks was found across studies. Generally, reaching 
tasks or clinical tests that mimic reaching and grasping 
tasks have been administered. Two studies used non- 
immersive virtual reality with exergaming.29,64

Regarding the required tasks, several kinematics 
variables were chosen to evaluate the voluntary move
ments. The most recurrent variables were timing, posi
tion, velocity (linear), acceleration, and smoothness. 
Additionally, angles, symmetry, and spectral analysis 
have also been investigated.

Table 3. Synoptic table of studies included in the muscle tone functions (b735) of the ICF domain.

Author

Participants, 
(gender), 

age

IMUs 
number (N) 

and 
location

“IMUs device,” 
Frequency 
acquisition

Source signal 
(+ processing 

technique) Procedure Results

Ang 201854 15 
(7 M, 8F), 
56.9 ± 10

(3) 
Thorax, 
Humerus, 
Forearm

“APDM Opal™ 
wireless,” 
128 Hz

3D sensor 
orientation as 
estimated by 
a 9-axis. 
(proprietary 
sensor fusion 
algorithm)

Joint torques have been 
computed using inverse 
dynamics with measurements 
from three IMUs to calculate 
the tonic stretch reflex 
threshold. Data have been 
subjected to correlation 
analysis with the EMG and 
MAS.

The estimated muscle activation 
profiles have a high correlation 
to the EMG signal profiles. 
Spasticity severity calculated 
with IMUs showed a high 
correlation with the MAS score.

Chen 202155 

(1)
9 

(8 M, 1F) 
51.8 ± 12.4

(1) 
Forearm

“Custom 
magneto- 
inertial 
measurement 
unit, MPU9250; 
InvenSense, 
San Jose, CA, 
200 Hz

3D sensor 
orientation as 
estimated by 
a 9-axis. 
(complementary 
filter sensor 
fusion algorithm)

f/e of the elbow supported by 
a guide-track has been 
performed. A slider was used 
to assist patients to achieve 
the maximum ROM.

The RF algorithms exhibited 
excellent classification 
performance in detecting and 
categorizing four grades of 
spasticity.

Kim 202053 48 
(26 M, 22F), 
61.2 ± 13.7 
(M) 
77.8 ± 10.1 
(F)*

(1) 
Wrist

“Shimmer 
Sensing, 
Dublin, 
Ireland,” 
256 Hz

3D sensor 
orientation as 
estimated by 
a 9-axis. 
(proprietary 
sensor fusion 
algorithm)

Results of an IMU device during 
a passive stretch test with 
Machine-learning algorithms 
(eg. RFs) have been combined. 
Measurement of elbow 
spasticity was based on the 
MAS.

Among the Machine-learning 
algorithms, a RF performed 
well, achieving up to 95,4% 
accuracy.

Paulis 201156 13 
(7 M, 6F), 
70.2 ± 12.3

(2) 
Humerus, 
Wrist

“MTx, Xsens 
Technologies, 
Enschede, 
Netherlands,” 
100 Hz

3D sensor 
orientation as 
estimated by 
a 9-axis. 
(proprietary 
sensor fusion 
algorithm)

Tardieu Scale measurements 
have been performed in two 
sessions, using both IMUs and 
goniometry, to quantify 
spasticity in elbow flexors of 
stroke patients.

For goniometry, test – retest and 
inter-rater reliability proved to 
be excellent and fair 
to good, respectively. For 
IMUs, both test – retest and 
inter-rater reliability were 
excellent. IMUs are reliable and 
accurate to use in Tardieu 
Scale measurements to 
quantify spasticity in the 
elbow flexors of hemiplegic 
stroke patients.

Abbreviations: IMU = Inertial Measurement Unit; MAS = Modified Ashworth Scale; EMG = Electromyography; f/e = flexion/extension; RF = Random Forest.×45 stroke and 
3 spinal cord injuries. Column five reports the source signal from which the kinematic variable of interest has been derived: 6-axis = the sensor fusion algorithm runs 
using accelerometer and gyroscope data; 9-axis = the sensor fusion algorithm runs using accelerometer, gyroscope, and magnetometer data.

TOPICS IN STROKE REHABILITATION 7



Ta
bl

e 
4.

 S
yn

op
tic

 t
ab

le
 o

f s
tu

di
es

 in
cl

ud
ed

 in
 t

he
 v

ol
un

ta
ry

 m
ov

em
en

ts
 a

ss
es

sm
en

t 
(b

76
0)

 o
f t

he
 IC

F 
do

m
ai

n.

Au
th

or

Pa
rt

ic
ip

an
ts

, 
(g

en
de

r)
, 

ag
e

IM
U

s 
nu

m
be

r 
(N

) 
an

d 
lo

ca
tio

n

“I
M

U
s 

de
vi

ce
,” 

Fr
eq

ue
nc

y 
ac

qu
is

iti
on

So
ur

ce
 s

ig
na

l 
(+

 p
ro

ce
ss

in
g 

te
ch

ni
qu

e)
Pr

oc
ed

ur
e

Re
su

lts

Ba
i 2

02
0 

(1
)29

4 
(3

 M
, 1

F)
, 

75
.5

 ±
 2

.5

(2
) 

H
um

er
us

, 
Fo

re
ar

m

(a
) “

Xs
en

s 
M

Tx
, 

Xs
en

s 
Te

ch
no

lo
gi

es
, 

th
e 

N
et

he
rla

nd
s,

” 
N

R 
(b

) “
So

ny
 M

ov
e,

” 
30

 H
z

(a
) 3

D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 e
st

im
at

ed
 b

y 
a 

9-
ax

is
. (

pr
op

rie
ta

ry
 s

en
so

r 
fu

si
on

 
al

go
rit

hm
) 

(b
) 3

D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 e
st

im
at

ed
 b

y 
a 

9-
ax

is
. (

co
m

pl
em

en
ta

ry
 fi

lte
r/

Ka
lm

an
 fi

lte
r)

BB
T 

an
d 

th
e 

N
H

PT
 h

av
e 

be
en

 p
er

fo
rm

ed
.

IM
U

s 
ar

e 
sh

ow
n 

to
 b

e 
ab

le
 t

o 
ac

cu
ra

te
ly

 
m

ea
su

re
 u

pp
er

 li
m

b 
jo

in
t o

rie
nt

at
io

n 
an

d 
po

si
tio

n.

Ba
i 2

02
0 

(2
)30

5 
(4

 M
, 1

F)
, 

68
.8

 ±
 8

.7

(a
) (

4)
 

Sh
ou

ld
er

, 
H

um
er

us
, 

Fo
re

ar
m

, 
H

an
d 

(b
) (

2)
 

H
um

er
us

, 
Fo

re
ar

m

(a
) “

Xs
en

s 
M

Tx
, 

Xs
en

s 
Te

ch
no

lo
gi

es
, 

th
e 

N
et

he
rla

nd
s,

” 
N

R 
(b

) “
So

ny
 M

ov
e,

” 
30

 H
z

(a
) 3

D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 e
st

im
at

ed
 b

y 
a 

9-
ax

is
. (

pr
op

rie
ta

ry
 s

en
so

r 
fu

si
on

 
al

go
rit

hm
) 

(b
) 3

D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 e
st

im
at

ed
 b

y 
a 

9-
ax

is
. (

co
m

pl
em

en
ta

ry
 fi

lte
r/

Ka
lm

an
 fi

lte
r)

BB
T 

an
d 

th
e 

N
H

PT
 h

av
e 

be
en

 p
er

fo
rm

ed
.

Lo
w

 c
os

t I
M

U
s 

pr
ov

id
e 

ad
eq

ua
te

 a
cc

ur
ac

y 
in

 
m

ea
su

re
m

en
t 

U
L 

or
ie

nt
at

io
n 

an
d 

po
si

tio
n 

tr
ac

ki
ng

.

Ch
en

 2
02

157
 (
2)

37
 

(2
8 

M
, 9

F)
 

49
.8

 ±
 1

0.
3

(4
) 

H
ea

d,
 

U
pp

er
 

Ar
m

, 
Fo

re
ar

m
, 

H
an

d

“I
M

U
, N

or
ax

on
, 

U
SA

 In
c.

,” 
10

0 
H

z

3D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 e
st

im
at

ed
 b

y 
a 

9-
ax

is
. 

(p
ro

pr
ie

ta
ry

 s
en

so
r 

fu
si

on
 a

lg
or

ith
m

)
Fi

ng
er

-T
o-

N
os

e 
ta

sk
. U

L 
m

ot
or

 fu
nc

tio
n 

ev
al

ua
te

d 
w

ith
 F

M
A,

 A
RA

T 
an

d 
M

BI
.

Re
su

lts
 s

ho
w

ed
 t

ha
t 

Fi
ng

er
-T

o-
N

os
e 

ta
sk

 
ki

ne
m

at
ic

 v
ar

ia
bl

es
 m

ea
su

re
d 

vi
a 

IM
U

 
w

er
e 

as
so

ci
at

ed
 w

ith
 U

L 
m

ot
or

 fu
nc

tio
n.

H
el

d 
20

18
37

4 
(N

R)
, 

48
–5

5 
ra

ng
e

(1
4)

 
Sh

ou
ld

er
 

BS
, 

H
um

er
us

 
BS

, 
St

er
nu

m
, 

Sa
cr

um
, 

Fe
et

 B
S,

 
Lo

w
er

 le
g 

BS
, 

U
pp

er
 le

g 
BS

.

“X
se

ns
 

Te
ch

no
lo

gi
es

, 
En

sc
he

de
, 

N
et

he
rla

nd
s,

” 
20

 H
z

3D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 e
st

im
at

ed
 b

y 
a 

9-
ax

is
. 

(p
ro

pr
ie

ta
ry

 s
en

so
r 

fu
si

on
 a

lg
or

ith
m

)
Ki

ne
m

at
ic

 d
at

a 
H

av
e 

be
en

 r
ec

or
de

d 
w

ith
 a

 fu
ll 

bo
dy

 m
ot

io
n 

ca
pt

ur
e 

su
it 

du
rin

g 
cl

in
ic

al
 

as
se

ss
m

en
t 

(in
cl

ud
in

g 
FM

A 
an

d 
AR

AT
).

Th
es

e 
re

su
lts

 d
em

on
st

ra
te

 t
he

 fe
as

ib
ili

ty
 o

f 
th

e 
m

et
ho

d 
to

 m
ea

s-
 

ur
e 

up
pe

r-
lim

b 
ki

ne
m

at
ic

s,
 w

ith
 a

n 
IM

U
- 

ba
se

d 
m

ot
io

n 
ca

pt
ur

e 
sy

st
em

 a
t d

iff
er

en
t 

st
ag

es
 o

f s
tr

ok
e 

re
ha

bi
lit

at
io

n 
an

d 
du

rin
g 

AD
L 

an
d 

th
e 

co
nc

or
da

nc
e 

to
 s

ta
nd

ar
d 

cl
in

ic
al

 a
ss

es
sm

en
t.

H
es

am
-S

ha
ria

ti 
20

19
51

24
* 

(1
6 

M
, 8

F)
, 

57
.9

 ±
 1

2.
1

(6
) 

Tr
ap

ez
iu

s,
 

U
pp

er
 

ar
m

 B
S,

 
Fo

re
ar

m
 

BS
, 

H
an

d

“T
ria

xi
al

 
ac

ce
le

ro
m

et
er

 
Tr

ig
no

, D
el

sy
s,

 
U

SA
,” 

14
8,

15
 H

z

gr
av

ity
-f

re
e 

3D
 li

ne
ar

 a
cc

el
er

at
io

n 
an

d 
je

rk
 a

s 
es

tim
at

ed
 fr

om
 h

ig
h-

pa
ss

 fi
lte

re
d 

m
ea

su
re

d 
se

ns
or

-e
m

be
dd

ed
 a

cc
el

er
at

io
ns

, a
s 

w
el

l a
s 

lin
ea

r 
ve

lo
ci

ty
 a

s 
co

m
pu

te
d 

fr
om

 n
um

er
ic

al
 

in
te

gr
at

io
n 

gr
av

ity
-f

re
e 

3D
 li

ne
ar

 
ac

ce
le

ra
tio

n

Ki
ne

m
at

ic
 p

ar
am

et
er

s 
ha

ve
 b

ee
n 

in
ve

st
ig

at
ed

 
du

rin
g 

W
ii-

ba
se

ba
ll 

sw
in

g.
In

cr
ea

se
d 

ac
ce

le
ra

tio
n 

m
ag

ni
tu

de
 a

nd
 

de
cr

ea
se

d 
no

rm
al

iz
ed

 v
el

oc
ity

 d
ur

in
g 

a 
co

m
pl

ex
 m

ov
em

en
t.

N
ik

m
ar

am
 2

01
958

41
(1

2)
**

 
(3

0 
M

, 1
1F

), 
67

,6
 ±

 1
1,

4

(2
) 

U
pp

er
 

ar
m

, 
W

ris
t

“X
se

ns
 M

Tx
, X

se
ns

 
Te

ch
no

lo
gi

es
, 

th
e 

N
et

he
rla

nd
s,

” 
20

0 
H

z

3D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 e
st

im
at

ed
 b

y 
a 

9-
ax

is
. 

(p
ro

pr
ie

ta
ry

 s
en

so
r 

fu
si

on
 a

lg
or

ith
m

)
In

 t
he

 e
xp

er
im

en
t 

th
e 

pa
tie

nt
s 

si
t 

in
 fr

on
t 

of
 

a 
w

oo
de

n 
fr

am
e 

la
be

le
d 

w
ith

 m
us

ic
al

 n
ot

e-
 

pi
tc

h.
 T

he
 fi

na
l g

oa
l w

as
 t

o 
te

ac
h 

th
em

 t
o 

pl
ay

 s
ev

er
al

 s
im

pl
e 

nu
rs

er
y 

rh
ym

es
 o

nl
y 

by
 

m
ov

in
g 

th
ei

r 
aff

ec
te

d 
ar

m
 in

 3
D

 s
on

ifi
ca

tio
n 

sp
ac

e.

IM
U

s 
da

ta
 s

ho
w

ed
 s

lig
ht

 im
pr

ov
em

en
ts

 in
 

m
ov

em
en

t 
sm

oo
th

ne
ss

.

(C
on

tin
ue

d)

8 A. MARTINO CINNERA ET AL.



Ta
bl

e 
4.

 (C
on

tin
ue

d)
.

Au
th

or

Pa
rt

ic
ip

an
ts

, 
(g

en
de

r)
, 

ag
e

IM
U

s 
nu

m
be

r 
(N

) 
an

d 
lo

ca
tio

n

“I
M

U
s 

de
vi

ce
,” 

Fr
eq

ue
nc

y 
ac

qu
is

iti
on

So
ur

ce
 s

ig
na

l 
(+

 p
ro

ce
ss

in
g 

te
ch

ni
qu

e)
Pr

oc
ed

ur
e

Re
su

lts

N
ie

 2
02

159
8 

(6
 M

, 2
F)

 
58

 ±
 1

2.
6

(2
) 

U
pp

er
 

Ar
m

, 
Fo

re
ar

m

“T
rig

no
 IM

 S
en

so
r, 

D
el

sy
s 

In
c.

,” 
20

0 
H

z

3D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 e
st

im
at

ed
 b

y 
a 

9-
ax

is
. 

(im
pr

ov
ed

 e
xp

lic
it 

co
m

pl
em

en
ta

ry
 fi

lte
r)

3D
 r

ea
ch

in
g 

m
ov

em
en

ts
Co

m
pa

re
d 

to
 a

 t
ra

di
tio

na
l o

pt
ic

al
 t

ra
ck

in
g 

sy
st

em
, I

M
U

s 
ac

cu
ra

te
ly

 tr
ac

ke
d 

th
e 

w
ris

t 
m

ov
em

en
t 

du
rin

g 
re

ac
hi

ng
.

Pa
n 

20
21

60
34

 
(2

6 
M

, 8
F)

 
59

.8
 ±

 1
1.

2

(4
) 

M
id

dl
e 

of
 

W
ai

st
, 

U
pp

er
 

Ar
m

, 
Fo

re
ar

m
, 

H
an

d

“C
us

to
m

 m
ag

ne
to

- 
in

er
tia

l 
m

ea
su

re
m

en
t 

un
it,

 M
PU

91
50

; 
In

ve
nS

en
se

, S
an

 
Jo

se
, C

A,
” 

50
 H

z

3D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 e
st

im
at

ed
 b

y 
a 

9-
ax

is
. 

(p
ar

tic
le

 fi
lte

r)
IM

U
 d

at
a 

an
d 

EM
G

 s
ig

na
ls

 h
av

e 
be

en
 c

ol
le

ct
ed

 
fr

om
 t

he
 U

L 
du

rin
g 

vo
lu

nt
ar

y 
up

w
ar

d 
re

ac
hi

ng
. F

iv
e 

fe
at

ur
es

 h
av

e 
be

en
 a

ss
es

se
d:

 
m

ax
 s

ho
ul

de
r 

jo
in

t 
an

gl
e,

 p
ea

k 
an

d 
av

er
ag

e 
sp

ee
ds

, a
nd

 t
or

so
 b

al
an

ce
 c

al
cu

la
te

d 
fr

om
 

Th
e 

FM
A 

sc
or

e 
of

 e
ac

h 
pa

tie
nt

.

St
at

is
tic

al
ly

 s
ig

ni
fic

an
t 

di
ffe

re
nc

es
 w

er
e 

ob
se

rv
ed

 a
m

on
g 

se
ve

re
, m

ild
-t

o-
 

m
od

er
at

e,
 a

nd
 t

he
 c

on
tr

ol
 g

ro
up

. T
he

 
fe

at
ur

es
 v

ar
ie

d 
as

 t
he

 le
ve

l o
f U

L 
m

ot
or

 
fu

nc
tio

n 
ch

an
ge

d 
si

nc
e 

th
es

e 
fe

at
ur

es
 

si
gn

ifi
ca

nt
ly

 c
or

re
la

te
d 

w
ith

 t
he

 F
M

A.
 

M
or

eo
ve

r, 
th

e 
Bl

an
d 

– 
Al

tm
an

 m
et

ho
d 

sh
ow

ed
 h

ig
h 

co
ns

is
te

nc
y 

be
tw

ee
n 

th
e 

ev
al

ua
tio

n 
m

et
ho

d 
of

 fi
ve

 fe
at

ur
es

 a
nd

 
th

e 
FM

A 
sc

al
e.

Pa
rk

 2
02

052
15

**
* 

(1
0 

M
, 5

F)
 

68
.6

 ±
 1

6.
1

(4
) 

W
ris

t 
BS

, 
Lo

w
er

 L
eg

 
BS

N
R

m
ea

su
re

d 
3D

 li
ne

ar
 a

cc
el

er
at

io
n

M
in

ga
zz

in
i t

es
t 

up
pe

r 
lim

bs
 fo

r 
20

 se
co

nd
s.

Th
e 

au
to

m
at

ic
 g

ra
di

ng
 s

ys
te

m
 q

ua
nt

ifi
ed

 
pr

ox
im

al
 w

ea
kn

es
s 

in
 r

ea
l t

im
e 

an
d 

as
se

ss
ed

 s
ym

pt
om

s 
th

ro
ug

h 
au

to
m

at
ic

 
gr

ad
in

g.
Ra

u 
20

13
61

8 
(5

 M
, 3

F)
, 

62
.9

 ±
 1

3.
8

(2
) 

Ac
ro

m
io

n,
 

Fo
re

ar
m

“T
ria

xi
al

 
ac

ce
le

ro
m

et
er

 
(s

en
so

r 
ch

ip
 is

 
no

t 
re

po
rt

ed
) 

N
R

N
R

Fi
ve

 r
ep

et
iti

on
s 

of
 fo

rw
ar

d-
re

ac
hi

ng
 

m
ov

em
en

ts
.

H
ig

h 
co

rr
el

at
io

n 
ha

s 
be

en
 fo

un
d 

in
 re

ac
hi

ng
 

di
sp

la
ce

m
en

t, 
ve

lo
ci

ty
, a

nd
 a

cc
el

er
at

io
n 

m
ea

su
re

m
en

ts
 o

bt
ai

ne
d 

us
in

g 
th

e 
te

le
-a

ss
es

sm
en

t s
ys

te
m

 a
nd

 th
e 

st
an

da
rd

iz
ed

 k
in

em
at

ic
 s

ys
te

m
. 

D
iff

er
en

ce
s 

in
 t

he
 m

ax
im

um
 r

ea
ch

in
g 

di
st

an
ce

 a
nd

 t
he

 m
ax

im
um

 r
ea

ch
in

g 
ve

lo
ci

ty
 o

f f
or

w
ar

d 
re

ac
hi

ng
 m

ov
em

en
ts

 
w

er
e 

ob
se

rv
ed

 a
m

on
g 

th
e 

st
ud

y 
gr

ou
ps

.
Sa

la
za

r 
20

14
62

4 
(2

 M
, 2

F)
, 

53
.2

 ±
 6

.5

(3
) 

Ba
ck

 
(T

12
), 

Ac
ro

m
io

n,
 

El
bo

w

“C
us

to
m

 t
ria

xi
al

 
ac

ce
le

ro
m

et
er

 
(A

D
XL

34
5)

, 
An

al
og

 D
ev

ic
es

, 
N

or
w

oo
d,

 M
A”

 
10

0 
H

z

lim
b 

3D
 r

ot
at

io
n 

as
 e

st
im

at
ed

 fr
om

 m
ea

su
re

d 
til

t 
an

gl
es

 a
s 

de
riv

ed
 fr

om
 a

cc
el

er
om

et
er

 
si

gn
al

 (g
ra

vi
ty

-b
as

ed
)

Tr
un

k,
 u

pp
er

 a
rm

, a
nd

 fo
re

ar
m

 a
ng

ul
ar

 
di

sp
la

ce
m

en
ts

 d
ur

in
g 

a 
re

ac
h-

pr
es

s-
re

tu
rn

 
ta

sk
.

Pr
el

im
in

ar
y 

st
ud

ie
s 

re
ve

al
ed

 a
cc

el
er

at
io

n 
pr

ofi
le

s 
of

 s
tr

ok
e 

pa
tie

nt
s 

th
ro

ug
h 

w
hi

ch
 

it 
is

 p
os

si
bl

e 
to

 q
ua

nt
ita

tiv
el

y 
as

se
ss

 t
he

 
fu

nc
tio

na
l m

ov
em

en
t, 

id
en

tif
y 

co
m

pe
ns

at
or

y 
st

ra
te

gi
es

, a
nd

 h
el

p 
de

fin
e 

pr
op

er
 m

ov
em

en
t.

Sc
hw

ar
tz

 2
02

144
26

 
(1

7 
M

, 9
F)

 
62

.2
 ±

 1
2.

1

(9
) 

Sp
in

a 
Sc

ap
ul

ae
 

BS
, 

St
er

nu
m

, 
U

pp
er

 
ar

m
 B

S,
 

Fo
re

ar
m

 
BS

, 
W

ris
t 

BS

“X
Se

ns
 M

VN
 

Aw
in

da
, X

se
ns

 
Te

ch
no

lo
gi

es
, 

th
e 

N
et

he
rla

nd
s,

” 
60

 H
z

3D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 e
st

im
at

ed
 b

y 
a 

9-
ax

is
. 

(p
ro

pr
ie

ta
ry

 s
en

so
r 

fu
si

on
 a

lg
or

ith
m

)
Fo

ur
 m

ov
em

en
ts

 w
ith

 b
ot

h 
U

Ls
: (

1)
 is

ol
at

ed
 

sh
ou

ld
er

 fl
ex

io
n,

 (2
) p

oi
nt

in
g 

ah
ea

d,
 (3

) 
re

ac
h-

to
-g

ra
sp

 a
 g

la
ss

, 
an

d 
(4

) k
ey

 in
se

rt
io

n.
 T

he
 v

al
id

ity
 o

f m
et

ric
s 

co
m

pa
re

d 
to

 c
lin

ic
al

ly
 m

ea
su

re
d 

in
te

rjo
in

t 
co

or
di

na
tio

n 
(F

M
A)

 h
as

 b
ee

n 
do

ne
 b

y 
co

rr
el

at
io

n 
an

al
ys

is
.

Th
e 

m
ov

em
en

t 
ta

sk
 a

nd
 t

he
 t

es
te

d 
ar

m
 

sh
ow

ed
 s

ig
ni

fic
an

t 
eff

ec
ts

 o
n 

al
l 

ki
ne

m
at

ic
 p

ar
am

et
er

s.
 H

an
d 

do
m

in
an

ce
 

re
su

lte
d 

in
 s

ig
ni

fic
an

t e
ffe

ct
s 

on
 s

ho
ul

de
r 

f/
e 

an
d 

cu
rv

e 
effi

ci
en

cy
. R

el
at

io
ns

 w
ith

 
th

e 
FM

A 
re

ve
al

ed
 t

he
 s

tr
on

ge
st

 a
nd

 
si

gn
ifi

ca
nt

 c
or

re
la

tio
n 

fo
r 

cu
rv

e 
effi

ci
en

cy
, f

ol
lo

w
ed

 b
y 

sh
ou

ld
er

 f/
e,

 
el

bo
w

 f/
e,

 a
nd

 s
ho

ul
de

r 
ab

d/
ad

d.
 C

ur
ve

 
effi

ci
en

cy
 a

dd
iti

on
al

ly
 c

or
re

la
te

d 
si

gn
ifi

ca
nt

ly
 w

ith
 t

he
 a

rm
 s

ub
se

ct
io

n,
 

fo
cu

si
ng

 o
n 

sy
ne

rg
is

tic
 c

on
tr

ol
.

(C
on

tin
ue

d)

TOPICS IN STROKE REHABILITATION 9



Ta
bl

e 
4.

 (C
on

tin
ue

d)
.

Au
th

or

Pa
rt

ic
ip

an
ts

, 
(g

en
de

r)
, 

ag
e

IM
U

s 
nu

m
be

r 
(N

) 
an

d 
lo

ca
tio

n

“I
M

U
s 

de
vi

ce
,” 

Fr
eq

ue
nc

y 
ac

qu
is

iti
on

So
ur

ce
 s

ig
na

l 
(+

 p
ro

ce
ss

in
g 

te
ch

ni
qu

e)
Pr

oc
ed

ur
e

Re
su

lts

Te
di

m
-C

ru
z 

20
14

63
5 

(5
 M

), 
35

–7
3 

ra
ng

e

(4
) 

Ac
ro

m
io

n,
 

H
um

er
us

, 
Fo

re
ar

m
, 

W
ris

t

“C
us

to
m

 m
ag

ne
to

- 
in

er
tia

l 
m

ea
su

re
m

en
t 

un
it 

(s
en

so
r c

hi
p 

is
 n

ot
 r

ep
or

te
d)

” 
50

 H
z

3D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 e
st

im
at

ed
 b

y 
a 

9-
ax

is
. 

(n
on

-s
pe

ci
fie

d 
se

ns
or

 fu
si

on
 a

lg
or

ith
m

)
Pa

tie
nt

s 
ha

ve
 b

ee
n 

te
st

ed
 o

n 
BS

 a
cr

os
s 

fiv
e 

se
le

ct
ed

 t
as

ks
 o

f W
M

FT
: f

or
ea

rm
-t

o-
ta

bl
e 

(t
as

k 
1)

, f
or

ea
rm

-t
o-

bo
x 

(t
as

k 
2)

, e
xt

en
d-

 
el

bo
w

 
(t

as
k 

3)
, h

an
d-

to
-t

ab
le

 (t
as

k 
4)

 a
nd

 h
an

d-
to

- 
bo

x 
(t

as
k 

5)
. E

ac
h 

ta
sk

 w
as

 e
va

lu
at

ed
 

ac
co

rd
in

g 
to

 p
er

fo
rm

an
ce

 t
im

e 
(s

ec
on

ds
) 

an
d 

Fu
nc

- 
tio

na
l A

bi
lit

y 
Sc

or
e 

(F
AS

) b
as

ed
 o

n 
jo

in
t 

ki
ne

m
at

ic
s.

Th
e 

pr
ot

ot
yp

e 
te

st
ed

 w
as

 a
bl

e 
to

 
au

to
m

at
ic

al
ly

 c
la

ss
ify

 U
L 

m
ov

em
en

t, 
ac

co
rd

in
g 

to
 W

M
FT

, i
n 

a 
cl

in
ic

al
 s

et
tin

g.

W
ad

e 
20

14
48

10
 

(8
 M

, 2
F)

, 
59

.2
 ±

 1
5.

3

(2
) 

W
ris

t 
BS

“T
ria

xi
al

 
ac

ce
le

ro
m

et
er

s 
(G

ul
f C

oa
st

 D
at

a 
Co

nc
ep

ts
, L

LC
).”

 
40

 H
z

m
ea

su
re

d 
3D

 li
ne

ar
 a

cc
el

er
at

io
n

U
ni

m
an

ua
l g

oa
l-d

ire
ct

ed
 m

ov
em

en
ts

 u
si

ng
 

bo
th

 h
an

ds
, w

ith
 a

nd
 w

ith
ou

t 
ta

sk
 o

bj
ec

ts
.

M
ai

n 
eff

ec
ts

 o
f t

he
 h

an
d 

on
 a

ll 
3 

te
m

po
ra

l 
m

ea
su

re
s 

an
d 

m
ai

n 
eff

ec
ts

 o
f o

bj
ec

ts
 o

n 
m

ov
em

en
t 

du
ra

tio
n 

an
d 

pe
ak

s 
ha

ve
 

be
en

 fo
un

d.
 S

pe
ct

ra
l m

ea
su

re
s 

of
 

ac
ce

le
ro

m
et

ry
 d

at
a 

ar
e 

se
ns

iti
ve

 t
o 

pe
rf

or
m

an
ce

 d
iff

er
en

ce
s 

w
ith

 t
he

 
no

np
ar

et
ic

 a
nd

 p
ar

et
ic

 li
m

bs
 a

nd
 w

ith
 

th
e 

ob
je

ct
 p

re
se

nt
 

an
d 

ab
se

nt
, f

or
 A

D
L-

in
sp

ire
d 

ta
sk

s.
Zo

llo
 2

01
164

24
 

(1
5 

M
, 9

F)
, 

55
.9

 ±
 1

5.
4

(1
) 

Fo
re

ar
m

“X
se

ns
 M

Tx
, X

se
ns

 
Te

ch
no

lo
gi

es
, 

th
e 

N
et

he
rla

nd
s”

 
N

R

Sm
oo

th
ne

ss
 (i

.e
., 

je
rk

) a
s 

co
m

pu
te

d 
fr

om
 t

he
 

ab
so

lu
te

 (g
ra

vi
ty

-f
re

e)
 li

ne
ar

 a
cc

el
er

at
io

n 
de

riv
ed

 fr
om

 t
he

 3
D

 s
en

so
r 

or
ie

nt
at

io
n 

(p
ro

pr
ie

ta
ry

 s
en

so
r 

fu
si

on
 a

lg
or

ith
m

)

Po
in

t-
to

-p
oi

nt
 m

ov
em

en
ts

 w
ith

 r
ob

ot
-a

ss
is

te
d 

m
ov

em
en

t.
Si

gn
ifi

ca
nt

 c
or

re
la

tio
n 

ha
s 

be
en

 fo
un

d 
be

tw
ee

n 
ki

ne
m

at
ic

 v
ar

ia
bl

es
 a

nd
 F

M
A 

an
d 

m
ot

or
 s

tr
en

gt
h 

sc
or

es
 d

ur
in

g 
un

pe
rt

ur
be

d 
an

d 
re

si
st

iv
e 

ro
bo

t-
as

si
st

ed
 

ta
sk

s.

Ab
br
ev
ia
tio

ns
: I

M
U 

=
 In

er
tia

l M
ea

su
re

m
en

t 
Un

it;
 N

R 
=

 N
ot

 R
ep

or
te

d;
 B

S 
=

 B
ot

h 
Si

de
; B

BT
 =

Be
an

 B
ag

 T
es

t; 
N

H
PT

 =
 N

in
e 

H
ol

e 
Pe

g 
Te

st
; F

AS
 =

 F
un

ct
io

na
l A

bi
lit

y 
Sc

or
e;

 U
L 

=
 U

pp
er

 L
im

b;
 f/

e 
=

 fl
ex

io
n/

ex
te

ns
io

n;
 a

bd
/a

dd
 =

 a
bd

uc
tio

n/
 

ad
du

ct
io

n;
 A

RA
T 

=
 A

ct
io

n 
Re

se
ar

ch
 A

rm
 T

es
t; 

FM
A 

=
 F

ug
l-M

ey
er

 A
ss

es
sm

en
t; 

M
BI

 =
 M

od
ifi

ed
 B

ar
th

el
 In

de
x;

 E
M

G 
=

 E
le

ct
ro

m
yo

gr
ap

hy
; W

M
FT

 =
 W

ol
f M

ot
or

 F
un

ct
io

n 
Te

st
; M

AR
G 

=
 M

ag
ne

tic
, A

ng
ul

ar
 R

at
e,

 a
nd

 G
ra

vi
ty

 s
en

so
r. 

*1
3 

at
 fo

llo
w

-u
p;

 *
*1

2 
pa

tie
nt

s 
an

al
yz

ed
, *

**
13

 s
tro

ke
 p

at
ie

nt
s, 

1 
m

ye
lit

is,
 a

nd
 1

 m
ya

st
he

ni
a 

gr
av

is.
 In

 B
ai

 e
t a

l., 
20

20
 (1

) a
nd

 (2
), 

on
ly

 c
on

fig
ur

at
io

n 
(b

) w
as

 u
se

d 
to

 p
er

fo
rm

ed
 k

in
em

at
ic

 a
na

ly
sis

. C
ol

um
n 

fiv
e 

re
po

rts
 th

e 
so

ur
ce

 s
ig

na
l f

ro
m

 w
hi

ch
 t

he
 k

in
em

at
ic

 v
ar

ia
bl

e 
of

 in
te

re
st

 h
as

 b
ee

n 
de

riv
ed

: 6
-a

xi
s =

 th
e 

se
ns

or
 f

us
io

n 
al

go
rit

hm
 r

un
s 

us
in

g 
ac

ce
le

ro
m

et
er

 a
nd

 g
yr

os
co

pe
 d

at
a;

 9
-a

xi
s =

 th
e 

se
ns

or
 f

us
io

n 
al

go
rit

hm
 r

un
s 

us
in

g 
ac

ce
le

ro
m

et
er

, g
yr

os
co

pe
, a

nd
 m

ag
ne

to
m

et
er

 d
at

a.

10 A. MARTINO CINNERA ET AL.



Ta
bl

e 
5.

 S
yn

op
tic

 t
ab

le
 o

f s
tu

di
es

 in
cl

ud
ed

 in
 t

he
 o

bj
ec

t 
m

an
ip

ul
at

io
n 

an
d 

da
ily

 li
fe

 a
ct

iv
ity

 a
ss

es
sm

en
t 

(d
44

5)
 o

f t
he

 IC
F 

do
m

ai
n.

Au
th

or

Pa
rt

ic
ip

an
ts

, 
(g

en
de

r)
, 

ag
e

IM
U

s 
nu

m
be

r 
(N

) a
nd

 
lo

ca
tio

n
“I

M
U

s 
de

vi
ce

,” 
Fr

eq
ue

nc
y 

ac
qu

is
iti

on
So

ur
ce

 s
ig

na
l 

(+
 p

ro
ce

ss
in

g 
te

ch
ni

qu
e)

Pr
oc

ed
ur

e
Re

su
lts

Ba
i 2

02
0 

(1
)30

5 
(4

 M
, 1

F)
, 

68
.8

 ±
 8

.7

(a
) (

4)
 

Sh
ou

ld
er

, 
H

um
er

us
, 

Fo
re

ar
m

, H
an

d 
(b

) (
2)

 
H

um
er

us
, 

Fo
re

ar
m

(a
) “

Xs
en

s 
M

Tx
, X

se
ns

 
Te

ch
no

lo
gi

es
, t

he
 

N
et

he
rla

nd
s,

” 
N

R 
(b

) “
So

ny
 M

ov
e,

” 
30

 H
z

(a
) 3

D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 e
st

im
at

ed
 b

y 
a 

9-
ax

is
. (

pr
op

rie
ta

ry
 

se
ns

or
 fu

si
on

 
al

go
rit

hm
) 

(b
) 3

D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 
es

tim
at

ed
 b

y 
a 

9-
ax

is
. 

(c
om

pl
em

en
ta

ry
 fi

lte
r/

 
Ka

lm
an

 fi
lte

r)

Pa
tie

nt
 p

er
fo

rm
ed

 a
 “

dr
in

ki
ng

” 
ta

sk
.

Th
is

 s
tu

dy
 d

em
on

st
ra

te
s 

th
at

 m
ul

ti-
se

ns
or

 in
er

tia
l 

se
ns

in
g 

sy
st

em
s 

ca
n 

pr
ov

id
e 

ad
di

tio
na

l i
ns

ig
ht

s 
fo

r 
m

ot
io

n 
qu

an
tifi

ca
tio

n.

Bi
sw

as
 2

01
435

4 
(N

R 
bu

t b
ot

h 
se

xe
s)

, 
45

–7
3 

ra
ng

e

(1
), 

W
ris

t
“S

hi
m

m
er

, D
ub

lin
, 

Ire
la

nd
,” 

50
 H

z

Li
m

b 
po

st
ur

e 
as

 
es

tim
at

ed
 fr

om
 

m
ea

su
re

d 
til

t a
ng

le
s 

as
 

de
riv

ed
 fr

om
 

ac
ce

le
ro

m
et

er
 s

ig
na

l 
(g

ra
vi

ty
-b

as
ed

)

Ac
tiv

iti
es

 in
vo

lv
ed

 in
 a

 re
pr

es
en

ta
tiv

e 
AD

L:
 “m

ak
in

g 
a 

cu
p 

of
 t

ea
.”

Th
e 

re
su

lts
 s

ho
w

ed
 t

ha
t 

th
e 

IM
U

 c
an

 
in

de
pe

nd
en

tly
 r

ec
og

ni
ze

 a
ll 

th
re

e 
of

 t
he

 
el

em
en

ta
ry

 U
L 

m
ov

em
en

ts
 in

ve
st

ig
at

ed
 (r

ea
ch

 
an

d 
re

tr
ie

ve
, l

ift
 c

up
 t

o 
m

ou
th

, r
ot

at
io

n 
of

 t
he

 
ar

m
) w

ith
 a

cc
ur

ac
y 

in
 t

he
 r

an
ge

 9
1%

-9
9%

 fo
r 

he
al

th
y 

su
bj

ec
ts

 a
nd

 7
0%

-8
5%

 fo
r 

st
ro

ke
 

pa
tie

nt
s.

Bo
ch

ni
ew

ic
z 

20
17

36
10

 
(8

 M
, 2

F)
, 

56
 ±

 1
0.

4

(2
), 

W
ris

t-
w

or
n 

BS
“C

us
to

m
 m

ag
ne

to
- 

in
er

tia
l 

m
ea

su
re

m
en

t 
un

it 
(A

D
IS

16
40

0B
M

LZ
, 

An
al

og
 D

ev
ic

es
, 

N
or

w
oo

d,
 M

A)
.” 

20
0 

H
z

Li
m

b 
m

ea
su

re
d 

3D
 li

ne
ar

 
ac

ce
le

ra
tio

n 
an

d 
an

gu
la

r 
ve

lo
ci

ty

Se
rie

s 
of

 A
D

L 
ta

sk
s 

(d
oi

ng
 t

he
 la

un
dr

y,
 k

itc
he

n 
ac

tiv
iti

es
, s

ho
pp

in
g 

an
d 

m
ak

in
g 

th
e 

be
d)

.
A 

si
gn

ifi
ca

nt
 c

or
re

la
tio

n 
be

tw
ee

n 
AR

AT
 s

co
re

s 
of

 
th

e 
st

ro
ke

’s 
pa

tie
nt

s 
an

d 
th

e 
pe

rc
en

ta
ge

 o
f t

im
e 

sp
en

t 
in

 fu
nc

tio
na

l u
se

 h
as

 b
ee

n 
fo

un
d.

H
el

d 
20

18
37

4 
(N

R)
, 

48
–5

5 
ra

ng
e

(1
4)

 
Sh

ou
ld

er
 B

S,
 

H
um

er
us

 B
S,

 
St

er
nu

m
, 

Sa
cr

um
, F

ee
t B

S,
 

Lo
w

er
 le

g 
BS

, 
U

pp
er

 le
g 

BS

“X
se

ns
 T

ec
hn

ol
og

ie
s,

 
En

sc
he

de
, 

N
et

he
rla

nd
s,

” 
20

 H
z

3D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 
es

tim
at

ed
 b

y 
a 

9-
ax

is
. 

(p
ro

pr
ie

ta
ry

 s
en

so
r 

fu
si

on
 a

lg
or

ith
m

)

FM
A,

 A
RA

T,
 a

nd
 s

el
f-

di
re

ct
ed

 A
D

L.
A 

ch
an

ge
 in

 d
at

a 
ki

ne
m

at
ic

s 
fr

om
 t

he
 d

ai
ly

-li
fe

 
re

co
rd

in
g 

w
as

 s
ee

n 
in

 a
ll 

pa
tie

nt
s,

 in
cr

ea
si

ng
 th

e 
nu

m
be

r o
f r

ea
ch

es
 p

er
fo

rm
ed

 d
ur

in
g 

da
ily

 li
fe

 in
 

th
ei

r 
ho

m
e 

en
vi

ro
nm

en
t.

Li
n 

20
17

38
15

 
(9

 M
, 6

F)
, 

59
.3

 ±
 1

6.
3

(1
6)

 
H

an
d,

 
Fi

ng
er

s 
(o

ne
 fo

r 
ea

ch
 s

id
e 

of
 t

he
 

in
te

rp
ha

la
ng

ea
l 

jo
in

t)

“C
us

to
m

 IM
U

 
(L

SM
33

0D
LC

, 
ST

M
ic

ro
el

ec
tr

on
ic

s,
 

G
en

ev
a,

 
Sw

itz
er

la
nd

),”
 

N
R

3D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 
es

tim
at

ed
 b

y 
a 

6-
ax

is
. 

(g
ra

di
en

t 
de

sc
en

t 
al

go
rit

hm
)

G
rip

 t
as

k,
 t

hu
m

b 
ta

sk
, a

nd
 c

ar
d 

tu
rn

in
g 

ta
sk

.
Th

e 
IM

U
s 

gl
ov

e 
pr

ov
id

es
 q

ua
nt

ita
tiv

e 
da

ta
 u

se
fu

l 
fo

r 
m

ed
ic

al
 t

re
at

m
en

ts
.

M
ah

m
ou

d 
20

21
39

9 
(N

R)
 

58
.2

 ±
 4

.8

(2
) 

Fo
re

ar
m

, 
H

an
d

“X
se

ns
 D

O
T,

 X
se

ns
 

Te
ch

no
lo

gi
es

, t
he

 
N

et
he

rla
nd

s,
”8

00
 H

z

3D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 
es

tim
at

ed
 b

y 
a 

9-
ax

is
. 

(p
ro

pr
ie

ta
ry

 s
en

so
r 

fu
si

on
 a

lg
or

ith
m

)

To
 s

im
ul

at
e 

th
e 

da
ily

 a
ct

iv
ity

 o
f m

ov
in

g 
ob

je
ct

s 
to

 
a 

hi
gh

 le
ve

l. 
To

 s
im

ul
at

e 
th

e 
ac

tio
n 

of
 c

le
an

in
g 

th
e 

w
in

do
w

. T
o 

co
nt

ro
l a

ct
io

n 
1,

 th
e 

ac
tu

al
 m

ai
n 

in
ve

st
ig

at
io

n 
of

 t
he

 
pa

tie
nt

’s 
ar

m
 in

 th
e 

st
at

e 
of

 lo
w

-lo
ad

 m
ov

em
en

t. 
To

 s
im

ul
at

e 
th

e 
si

tu
at

io
n 

of
 d

ai
ly

 h
or

iz
on

ta
l 

m
ov

em
en

t 
of

 
ob

je
ct

s.

Th
e 

re
su

lts
 s

ho
w

ed
 a

 h
ig

h 
ov

er
al

l a
cc

ur
ac

y.
 In

 
ad

di
tio

n,
 t

he
 fu

si
ng

 o
f K

in
ec

t 
an

d 
Xs

en
s 

da
ta

 
re

ve
al

ed
 t

ha
t 

m
us

cl
e 

st
re

ng
th

 w
as

 h
ig

hl
y 

co
rr

el
at

ed
 w

ith
 t

he
 k

in
em

at
ic

s 
da

ta
. (C

on
tin

ue
d)

TOPICS IN STROKE REHABILITATION 11



Ta
bl

e 
5.

 (C
on

tin
ue

d)
.

Au
th

or

Pa
rt

ic
ip

an
ts

, 
(g

en
de

r)
, 

ag
e

IM
U

s 
nu

m
be

r 
(N

) a
nd

 
lo

ca
tio

n
“I

M
U

s 
de

vi
ce

,” 
Fr

eq
ue

nc
y 

ac
qu

is
iti

on
So

ur
ce

 s
ig

na
l 

(+
 p

ro
ce

ss
in

g 
te

ch
ni

qu
e)

Pr
oc

ed
ur

e
Re

su
lts

M
az

om
en

os
 2

01
640

4 
(N

R 
-m

ix
ed

 
ge

nd
er

-)
, 

45
–7

3 
ra

ng
e

(2
) 

El
bo

w
, 

W
ris

t

“S
hi

m
m

er
, D

ub
lin

, 
Ire

la
nd

,” 
50

 H
z

3D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 
es

tim
at

ed
 b

y 
a 

9-
ax

is
. 

(g
ra

di
en

t 
de

sc
en

t 
al

go
rit

hm
)

3 
el

em
en

ta
ry

 U
L 

m
ov

em
en

ts
: 

re
ac

h 
an

d 
re

tr
ie

ve
, b

en
d 

th
e 

ar
m

 a
t 

th
e 

el
bo

w
, 

ro
ta

tio
n 

of
 t

he
 a

rm
 a

bo
ut

 t
he

 lo
ng

 a
xi

s,
 s

uc
h 

as
 

su
bt

as
ks

 o
f a

n 
AD

L 
(“

m
ak

in
g 

a 
cu

p 
of

 t
ea

”)
.

Th
e 

re
su

lts
 s

ho
w

ed
 a

 h
ig

h 
ov

er
al

l a
cc

ur
ac

y 
fo

r 
al

l 
th

re
e 

m
ov

em
en

ts
 fo

r 
th

e 
“p

re
pa

ra
tio

n 
of

 a
 c

up
 

of
 t

ea
” 

ta
sk

.

M
ic

ha
el

se
n 

20
13

41
8 

(4
 M

, 4
F)

, 
59

.4
 ±

 6
.9

(1
) 

Fo
re

ar
m

“T
ria

xi
al

 a
cc

el
er

om
et

er
, 

EM
G

 S
ys

te
m

s,
 

Br
az

il,
” 

10
0 

H
z

m
ea

su
re

d 
3D

 li
ne

ar
 

ac
ce

le
ra

tio
n

Te
n 

re
ac

h-
to

-g
ra

sp
 m

ov
em

en
ts

 o
f g

ra
bb

in
g 

a 
50

0 
 

m
l-s

iz
e 

bo
tt

le
.

Th
e 

IM
U

 a
llo

w
ed

 id
en

tifi
ca

tio
n 

of
 c

ha
ng

es
 in

 
re

ac
hi

ng
-t

o-
gr

as
p 

m
ov

em
en

ts
 o

f s
ub

je
ct

s 
w

ith
 

he
m

ip
ar

es
is

. M
ov

em
en

ts
 w

er
e 

sl
ow

er
 in

 t
he

 
pa

re
tic

 U
L 

w
ith

 in
cr

ea
se

d 
m

ov
em

en
t 

tim
e,

 t
im

e 
to

 p
ea

k 
ac

ce
le

ra
tio

n 
an

d 
de

ce
le

ra
tio

n 
du

ra
tio

n.
Re

pn
ik

 2
01

842
28

 
(1

8 
M

, 1
0F

), 
57

 ±
 9

.1

(7
) 

St
er

nu
m

, 
H

um
er

us
 B

S,
 

Fo
re

ar
m

 B
S,

 
H

an
d 

BS

“M
ag

ne
to

-in
er

tia
l 

m
ea

su
re

m
en

t 
un

it 
(b

ra
nd

/c
hi

p 
is

 n
ot

 
re

po
rt

ed
),”

20
0 

H
z

3D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 
es

tim
at

ed
 b

y 
a 

9-
ax

is
. 

(u
ns

ce
nt

ed
 K

al
m

an
 

fil
te

r)

AR
AT

.
M

ov
em

en
t 

qu
an

tifi
ca

tio
n 

en
ab

le
s 

di
ffe

re
nt

ia
tio

n 
be

tw
ee

n 
di

ffe
re

nt
 s

ub
je

ct
 

gr
ou

ps
 w

ith
in

 m
ov

em
en

t 
ph

as
es

 a
s 

w
el

l a
s 

fo
r 

th
e 

co
m

pl
et

e 
ta

sk
. S

tr
on

g 
co

rr
el

at
io

ns
 b

et
w

ee
n 

AR
AT

 s
co

re
s 

an
d 

m
ov

em
en

t 
tim

e 
as

 w
el

l a
s 

m
ov

em
en

t 
sm

oo
th

ne
ss

 w
as

 fo
un

d.
 W

ea
k 

to
 

m
od

er
at

e 
co

rr
el

at
io

ns
 w

er
e 

ob
se

rv
ed

 fo
r 

pa
ra

m
et

er
s 

th
at

 d
es

cr
ib

e 
ha

nd
 t

ra
je

ct
or

y 
si

m
ila

rit
y 

an
d 

tr
un

k 
st

ab
ili

ty
.

Sc
hw

ar
z 

20
20

43
10

 
(6

 M
, 4

F)
, 

60
.8

 ±
 1

1.
4

(8
) 

St
er

nu
m

, 
Sh

ou
ld

er
, U

pp
er

 
ar

m
, 

Lo
w

er
 a

rm
, 

H
an

d,
 

Th
um

b,
 

2°
 a

nd
 3

° fi
ng

er
s

“C
us

to
m

 IM
U

 (S
T 

LS
M

33
0D

LC
, S

T 
M

ic
ro

el
ec

tr
on

ic
s,

 
G

en
ev

a,
 

Sw
itz

er
la

nd
,” 

10
0 

H
z 

(a
cc

el
er

om
et

er
) a

nd
 

20
0 

H
z 

(G
yr

os
co

pe
)

3D
 s

en
so

r 
or

ie
nt

at
io

n 
as

 
es

tim
at

ed
 b

y 
a 

6-
ax

is
. 

(n
ot

 s
pe

ci
fie

d 
se

ns
or

 
fu

si
on

 a
lg

or
ith

m
)

Re
ac

h-
to

-g
ra

sp
 a

ct
iv

iti
es

 w
ith

 t
he

 a
ffe

ct
ed

 a
nd

 
no

n-
aff

ec
te

d 
U

L.
 It

 w
as

 in
ve

st
ig

at
ed

 w
he

th
er

 th
e 

fa
ct

or
s,

 t
es

te
d 

ar
m

, o
bj

ec
t 

w
ei

gh
t, 

an
d 

ta
rg

et
 

he
ig

ht
, a

ffe
ct

 t
he

 e
xp

re
ss

io
ns

 o
f R

O
M

 in
 t

ru
nk

 
co

m
pe

ns
at

io
n 

an
d 

f/
e 

of
 t

he
 e

lb
ow

, w
ris

t, 
an

d 
fin

ge
r 

du
rin

g 
ob

je
ct

 d
is

pl
ac

em
en

t.

Th
e 

te
st

ed
 a

rm
 a

nd
 t

ar
ge

t 
he

ig
ht

 s
ho

w
ed

 s
tr

on
g 

eff
ec

ts
 o

n 
al

l m
et

ric
s,

 w
hi

le
 a

n 
in

cr
ea

se
d 

ob
je

ct
 

w
ei

gh
t 

sh
ow

ed
 e

ffe
ct

s 
on

 t
ru

nk
 c

om
pe

ns
at

io
n.

 
H

ig
h 

in
te

r-
 a

nd
 in

tr
as

ub
je

ct
 v

ar
ia

bi
lit

y 
w

as
 fo

un
d 

in
 a

ll 
m

et
ric

s 
w

ith
ou

t 
cl

ea
r 

re
la

tio
ns

hi
ps

 t
o 

cl
in

ic
al

 m
ea

su
re

s.
 R

el
at

in
g 

al
l m

et
ric

s 
to

 e
ac

h 
ot

he
r 

re
su

lte
d 

in
 s

ig
ni

fic
an

t 
ne

ga
tiv

e 
co

rr
el

at
io

ns
 b

et
w

ee
n 

tr
un

k 
co

m
pe

ns
at

io
n 

an
d 

el
bo

w
 f/

e 
in

 t
he

 a
ffe

ct
ed

 a
rm

.
Sc

hw
ar

tz
 2

02
144

26
 

(1
7 

M
, 9

F)
 

62
.2

 ±
 1

2.
1

(9
) 

Sp
in

a 
Sc

ap
ul

ae
 

BS
 

St
er

nu
m

 
U

pp
er

 a
rm

 B
S 

Fo
re

ar
m

 B
S 

W
ris

t 
BS

“X
Se

ns
 M

VN
 A

w
in

da
, 

Xs
en

s 
Te

ch
no

lo
gi

es
, 

th
e 

N
et

he
rla

nd
s,

” 
60

 H
z

3D
 s

en
so

r o
rie

nt
at

io
n 

an
d 

po
si

tio
n 

as
 e

st
im

at
ed

 
by

 a
 9

-a
xi

s.
 

(p
ro

pr
ie

ta
ry

 s
en

so
r 

fu
si

on
 a

lg
or

ith
m

 w
ith

 
a 

ki
ne

m
at

ic
 m

od
el

)

Fo
ur

 m
ov

em
en

ts
 w

ith
 b

ot
h 

U
Ls

: (
1)

 is
ol

at
ed

 
sh

ou
ld

er
 fl

ex
io

n,
 (2

) p
oi

nt
in

g 
ah

ea
d,

 (3
) r

ea
ch

-t
o 

-g
ra

sp
 a

 g
la

ss
, a

nd
 (4

) k
ey

 in
se

rt
io

n.

Th
e 

m
ov

em
en

t 
ta

sk
 a

nd
 t

he
 t

es
te

d 
ar

m
 s

ho
w

ed
 

si
gn

ifi
ca

nt
 e

ffe
ct

s 
on

 a
ll 

ki
ne

m
at

ic
 p

ar
am

et
er

s.
 

H
an

d 
do

m
in

an
ce

 r
es

ul
te

d 
in

 s
ig

ni
fic

an
t 

eff
ec

ts
 

on
 s

ho
ul

de
r f

/e
 a

nd
 c

ur
ve

 e
ffi

ci
en

cy
. T

he
 le

ve
l o

f 
U

L 
fu

nc
tio

n 
sh

ow
ed

 in
flu

en
ce

s 
on

 c
ur

ve
 

effi
ci

en
cy

 a
nd

 t
he

 fa
ct

or
 a

ge
 o

n 
th

e 
m

ed
ia

n 
sl

op
e.

 R
el

at
io

ns
 w

ith
 t

he
 F

M
A 

re
ve

al
ed

 t
he

 
st

ro
ng

es
t 

an
d 

si
gn

ifi
ca

nt
 c

or
re

la
tio

n 
fo

r 
cu

rv
e 

effi
ci

en
cy

.
Th

ie
s 

20
09

45
6 

(4
 M

, 2
F)

, 
59

.1
 ±

 1
6

(1
) 

Fo
re

ar
m

“X
se

ns
 T

ec
hn

ol
og

ie
s 

B.
 

V.
, E

ns
ch

ed
e,

 
N

et
he

rla
nd

s 
(s

en
so

r 
m

od
el

 n
ot

 
re

po
rt

ed
),”

 
4 

H
z 

(c
ut

off
)

m
ea

su
re

d 
3D

 li
ne

ar
 

ac
ce

le
ra

tio
n

AD
L 

(d
rin

ki
ng

 fr
om

 a
 g

la
ss

 a
nd

 m
ov

in
g 

a 
pl

at
e)

. 
Th

es
e 

ac
tiv

iti
es

 in
vo

lv
ed

 m
ov

em
en

ts
 s

uc
h 

as
 

a 
fo

rw
ar

d 
re

ac
h,

 fo
llo

w
ed

 b
y 

ha
nd

 o
pe

ni
ng

, 
ha

nd
 g

ra
sp

, o
bj

ec
t 

m
an

ip
ul

at
io

n 
an

d 
fin

al
ly

 
ob

je
ct

 r
el

ea
se

 a
nd

 a
rm

 r
et

ra
ct

io
n.

Fo
r 

“d
rin

ki
ng

 fr
om

 a
 g

la
ss

” 
si

gn
ifi

ca
nt

 g
ro

up
 

di
ffe

re
nc

es
 w

er
e 

ob
ta

in
ed

 o
n 

bo
th

 d
ay

s 
fo

r 
th

e 
tim

in
g 

va
ria

bi
lit

y 
of

 t
he

 a
cc

el
er

at
io

n 
si

gn
al

s’ 
ch

ar
ac

te
ris

tic
s;

 a
ll 

st
ro

ke
 p

at
ie

nt
s 

sh
ow

ed
 

in
cr

ea
se

d 
si

gn
al

 t
im

in
g 

va
ria

bi
lit

y 
as

 c
om

pa
re

d 
to

 th
ei

r c
or

re
sp

on
di

ng
 c

on
tr

ol
 s

ub
je

ct
s.

 “
M

ov
in

g 
a 

pl
at

e”
 p

ro
vi

de
d 

le
ss

 d
is

tin
ct

 g
ro

up
 d

iff
er

en
ce

s.

(C
on

tin
ue

d)

12 A. MARTINO CINNERA ET AL.



Ta
bl

e 
5.

 (C
on

tin
ue

d)
.

Au
th

or

Pa
rt

ic
ip

an
ts

, 
(g

en
de

r)
, 

ag
e

IM
U

s 
nu

m
be

r 
(N

) a
nd

 
lo

ca
tio

n
“I

M
U

s 
de

vi
ce

,” 
Fr

eq
ue

nc
y 

ac
qu

is
iti

on
So

ur
ce

 s
ig

na
l 

(+
 p

ro
ce

ss
in

g 
te

ch
ni

qu
e)

Pr
oc

ed
ur

e
Re

su
lts

Va
n 

M
eu

le
n 

20
15

46
13

 
(8

 M
, 5

F)
, 

63
.8

 ±
 8

.5

(1
7)

 
H

ea
d,

 
St

er
nu

m
, 

Sa
cr

um
, 

Sh
ou

ld
er

 B
S,

 
U

pp
er

 a
rm

 B
S,

 
Lo

w
er

 a
rm

 B
S,

 
H

an
d 

BS
, U

pp
er

 
le

g 
BS

, 
Lo

w
er

 le
g 

BS
, 

Fe
et

 B
S

“X
se

ns
 M

VN
 A

w
in

da
, 

Xs
en

s 
Te

ch
no

lo
gi

es
, 

th
e 

N
et

he
rla

nd
s,

” 
12

0 
H

z

3D
 s

en
so

r o
rie

nt
at

io
n 

an
d 

po
si

tio
n 

as
 e

st
im

at
ed

 
by

 a
 9

-a
xi

s.
 

(p
ro

pr
ie

ta
ry

 s
en

so
r 

fu
si

on
 a

lg
or

ith
m

 w
ith

 
a 

ki
ne

m
at

ic
 m

od
el

)

M
ul

tip
le

 
AD

L.
 E

ac
h 

ta
sk

 w
as

 r
ep

ea
te

d 
th

re
e 

tim
es

.
Si

gn
ifi

ca
nt

 c
or

re
la

tio
ns

 w
ith

 t
he

 F
M

A 
sc

or
es

 w
er

e 
fo

un
d 

in
 t

he
 h

an
d 

m
ov

em
en

ts
 (w

or
ki

ng
 a

re
a,

 
m

ax
im

um
 r

ea
ch

ed
 d

is
ta

nc
e,

 a
nd

 t
he

 r
an

ge
 in

 
ve

rt
ic

al
 h

an
d 

el
ev

at
io

n.

Va
n 

M
eu

le
n 

20
16

47
2 

(N
R)

, 
N

R

(1
2)

 
H

ea
d,

 
St

er
nu

m
, 

Pe
lv

is
, 

U
pp

er
 a

rm
 B

S,
 

Lo
w

er
 A

rm
 B

S,
 

U
pp

er
 L

eg
 B

S,
 

Lo
w

er
 L

eg
 B

S,
 

Fe
et

 B
S

“X
se

ns
 M

VN
 A

w
in

da
, 

Xs
en

s 
Te

ch
no

lo
gi

es
, 

th
e 

N
et

he
rla

nd
s,

” 
20

 H
z

3D
 s

en
so

r o
rie

nt
at

io
n 

an
d 

po
si

tio
n 

as
 e

st
im

at
ed

 
by

 a
 9

-a
xi

s.
 

(p
ro

pr
ie

ta
ry

 s
en

so
r 

fu
si

on
 a

lg
or

ith
m

 w
ith

 
a 

ki
ne

m
at

ic
 m

od
el

)

Cl
in

ic
al

 a
ss

es
sm

en
t c

on
si

st
ed

 o
f 1

0-
m

W
T 

fo
r t

he
 P

1 
an

d 
a 

pr
ed

efi
ne

d 
ar

m
 t

as
k 

(p
at

ie
nt

 h
ad

 t
o 

re
ac

h 
as

 fa
r a

s 
po

ss
ib

le
 a

nd
 to

 m
ak

e 
a 

ci
rc

le
 a

s 
w

id
e 

as
 

po
ss

ib
le

 o
ve

r 
a 

ta
bl

e)
 fo

r 
th

e 
P2

. T
he

 s
ec

on
d 

se
ss

io
n 

in
cl

ud
ed

 a
 m

ea
su

re
m

en
t 

se
ss

io
n 

of
 3

 h
 

of
 m

ov
em

en
t 

da
ta

, w
hi

ch
 w

as
 c

ap
tu

re
d 

at
 t

he
 

pa
tie

nt
’s 

ho
m

e 
4 

w
ee

ks
 a

ft
er

 d
is

ch
ar

ge
.

Q
ua

lit
y 

of
 m

ov
em

en
t 

ca
n 

be
 e

va
lu

at
ed

 in
 a

 d
ai

ly
 

lif
e 

se
tt

in
g.

 D
iff

er
en

ce
s 

be
tw

ee
n 

in
-c

lin
ic

 
m

ea
su

re
m

en
ts

 a
nd

 m
ea

su
re

m
en

ts
 d

ur
in

g 
da

ily
 

lif
e 

ar
e 

ob
se

rv
ed

 b
y 

ap
pl

yi
ng

 t
he

 p
re

se
nt

ed
 

m
et

ric
s 

an
d 

vi
su

al
iz

at
io

n 
m

et
ho

ds
. F

or
 th

e 
up

pe
r 

ex
tr

em
iti

es
, t

he
 P

2 
w

as
 a

bl
e 

to
 r

ea
ch

 a
 la

rg
er

 
ar

ea
.

W
ad

e 
20

14
48

10
 

(8
 M

, 2
F)

, 
59

.2
 ±

 1
5.

3

(2
) 

W
ris

t 
BS

“T
ria

xi
al

 
ac

ce
le

ro
m

et
er

s 
(G

ul
f 

Co
as

t 
D

at
a 

Co
nc

ep
ts

, L
LC

),”
 

40
 H

z

m
ea

su
re

d 
3D

 li
ne

ar
 

ac
ce

le
ra

tio
n

U
ni

m
an

ua
l g

oa
l-d

ire
ct

ed
 m

ov
em

en
ts

 u
si

ng
 b

ot
h 

ha
nd

s,
 w

ith
 a

nd
 w

ith
ou

t 
ta

sk
 o

bj
ec

ts
.

Sp
ec

tr
al

 m
ea

su
re

s 
of

 IM
U

s 
da

ta
 a

re
 s

en
si

tiv
e 

to
 

pe
rf

or
m

an
ce

 d
iff

er
en

ce
s 

w
ith

 t
he

 n
on

pa
re

tic
 

an
d 

pa
re

tic
 li

m
bs

 a
nd

 w
ith

 t
he

 o
bj

ec
t 

pr
es

en
t 

an
d 

ab
se

nt
, f

or
 A

D
L-

in
sp

ire
d 

ta
sk

s.

Ab
br
ev
ia
tio

ns
: I

M
U 

=
 In

er
tia

l M
ea

su
re

m
en

t U
ni

t; 
N

R 
=

 N
ot

 R
ep

or
te

d;
 B

S 
=

 B
ot

h 
Si

de
; D

AS
 =

 D
isa

bi
lit

y 
As

se
ss

m
en

t S
ca

le
; N

H
PT

 =
 N

in
e 

H
ol

e 
Pe

g 
Te

st
; D

AS
 =

 D
isa

bi
lit

y 
As

se
ss

m
en

t S
ca

le
; M

AS
 =

 M
od

ifi
ed

 A
sh

w
or

th
 S

ca
le

; A
D

L 
=

 A
ct

iv
iti

es
 o

f 
D

ai
ly

 L
iv

in
g;

 U
L 

=
 U

pp
er

 L
im

b;
 B

BT
 =

 B
ox

 a
nd

 B
lo

ck
 T

es
t; 

SI
S 

=
 S

tro
ke

 Im
pa

ct
 S

ca
le

; T
LT

 =
 T

hu
m

b 
Lo

ca
liz

in
g 

Te
st

; A
RA

T 
=

 A
ct

io
n 

Re
se

ar
ch

 A
rm

 T
es

t; 
RO

M
 =

 R
an

ge
 O

f M
ot

io
n;

 D
oF

 =
 D

eg
re

es
 o

f F
re

ed
om

; R
F 

=
 R

an
do

m
 F

or
es

t; 
FM

A 
=

  
Fu

gl
-M

ey
er

 A
ss

es
sm

en
t; 

O
T 

=
 O

cc
up

at
io

na
l t

he
ra

py
; M

AR
G 

=
 M

ag
ne

tic
, A

ng
ul

ar
 R

at
e,

 a
nd

 G
ra

vi
ty

 s
en

so
r; 

EM
G 

=
 E

le
ct

ro
m

yo
gr

ap
hy

; E
EG

 =
 E

le
ct

ro
en

ce
ph

al
og

ra
m

; 1
0m

W
T 

=
 1

0 
M

et
er

s 
W

al
ki

ng
 T

es
t; 

P1
 =

 F
irs

t 
Pa

tie
nt

; P
2 

=
 S

ec
on

d 
Pa

tie
nt

. I
n 

Ba
i e

t a
l., 

20
20

 (2
), 

on
ly

 c
on

fig
ur

at
io

n 
(b

) w
as

 u
se

d 
to

 p
er

fo
rm

ed
 k

in
em

at
ic 

an
al

ys
is.

 C
ol

um
n 

fiv
e 

re
po

rts
 th

e 
so

ur
ce

 s
ig

na
l f

ro
m

 w
hi

ch
 th

e 
ki

ne
m

at
ic

 v
ar

ia
bl

e 
of

 in
te

re
st

 h
as

 b
ee

n 
de

riv
ed

: 6
-a

xi
s =

 th
e 

se
ns

or
 fu

sio
n 

al
go

rit
hm

 
ru

ns
 u

sin
g 

ac
ce

le
ro

m
et

er
 a

nd
 g

yr
os

co
pe

 d
at

a;
 9

-a
xi

s =
 th

e 
se

ns
or

 fu
sio

n 
al

go
rit

hm
 ru

ns
 u

sin
g 

ac
ce

le
ro

m
et

er
, g

yr
os

co
pe

, a
nd

 m
ag

ne
to

m
et

er
 d

at
a.

TOPICS IN STROKE REHABILITATION 13



Object manipulation and daily life activity 
assessment (d445)

Fifteen studies have used IMUs to assess object manip
ulation or activity of daily life tasks on 154 stroke 
patients,30,35–48 with a number of IMUs’ ranging 
from one35,41 to seventeen.46

Kinematic investigation during daily life tasks took 
into consideration a diverse number of variables. 
Despite the high heterogeneity in the choice of the 
observed variables, some parameters are more recur
rent in many studies. Specifically, the number of repe
titions, joint ROM, and the symmetry of movement 
(with respect to healthy subjects or with respect to the 
contralateral limb) were the most frequent kinematics 
variables selected. Secondly, the position, acceleration, 
and smoothness of the movements were investigated 
in about one-third of the selected studies. Additionally, 
trunk stability, trunk compensation, and spectral ana
lysis have been investigated.

Clinical vs kinematics correlation meta-analysis

A total of 10 studies were included in the quanti
tative analysis of the correlation between IMUs 
parameters and clinical assessment, and the total 
sample size was 213. Six out of the ten studies 
included in the meta-analysis investigate the cor
relation of kinematics with the Fugl-Meyer 
Assessment (FMA) scale,34,44,46,57,60,64 three stu
dies with the Action Research Arm Test 
(ARAT),36,42,57 two with the Modified Ashworth 
Scale (MAS),30,54 and one with the Modified 
Barthel Index (MBI).57 Meta analysis shows an 

overall Fisher Z-score of 0.83 (95% CI: 0.69/0.98; 
p < 0.001), Fisher Z-transformation (r 0.69) indi
cating a moderate correlation (Figure 3). With no 
heterogeneity across the studies (Q-s = 6.7; p =  
0.7; I2 = 0). Risk of bias assessed with Egger’s test 
(t = 3.23, p < 0.05) and Begg-Mazumdar’s test (t =  
1.25, p = 0.2) indicated that there was a potential 
publication bias (Funnel plot in Appendix C). 
Subgroup analysis for ICF d445 domain per
formed on 51 stroke patients, showed an overall 
Fisher Z-score of 0.88 (95% CI: 0.58/1.18; p <  
0.001), Fisher Z-transformation (r = 0.71) indicat
ing a strong correlation. With no heterogeneity 
across the studies (Q-s = 0.87; p = 0.6; I2 = 0). Risk 
of bias assessed with Egger’s test (t = 1.41, p = 0.4) 
and Begg-Mazumdar’s test (t = 0.52, p = 0.6) indi
cated that there was not a potential publication 
bias. In the subgroup meta-analysis for ICF b760 
domain performed on 107 stroke patients, show 
an overall Fisher Z-score of 0.76 (95% CI: 0.56/ 
0.96; p < 0.001), Fisher Z-transformation (r =  
0.64) indicating a moderate correlation. With no 
heterogeneity across the studies (Q-s = 0.14; p =  
0.98; I2 = 0). Risk of bias assessed with Egger’s test 
(t = −0.5, p = 0.3) and Begg-Mazumdar’s test (t =  
−2.04, p = 0.04) indicated that there was 
a potential publication bias. The subgroup meta- 
analysis for ICF b710 domain performed on 40 
stroke patients shows an overall Fisher Z-score of 
1.28 (95% CI: −0.03/2.59; p < 0.056), Fisher 
Z-transformation (r = 0.85) indicating a strong 
correlation. With high heterogeneity across the 
studies (Q-s = 3.59; p = 0.058; I2 = 72).

Figure 3. Forest plot for the random effect model correlation meta-analysis between kinematics and clinical data. The continuous line indicates 
no correlation (right and left, positive and negative correlation, respectively). The dashed line indicates the pooled Z-score. ES: effect size; CI: 
confidence interval; W: weight; V: variance; Sig.: statistical significance; N: sample number. Studies30,44 allocated to more than one ICF’ 
subgroups were considered for meta-analysis only in their dominant subgroup.
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Discussion

The aim of the present systematic review was to 
give an overview of the use of wearable IMUs for 
the kinematic assessment of clinical features of the 
UL in accordance with the ICF in patients with 
stroke. The literature suggests that a limited num
ber of sensors are functional in obtaining kine
matic information on the functional activity of the 
upper limb in a simple and safe way. The use of 
IMUs alone or in association with other clinical or 
instrumental assessment tools has been used to 
collect objective data on the functions of the UL. 
The positive correlations with other instruments’ 
acquisition and clinical tests, and the high preci
sion in the test-retest and intra-test reliability, 
promote the adoption of wearables as appropriate 
solutions to assess UL functions, especially in the 
assessment of activity of daily living.

Regarding the assessment of the range of 
motion (ICF – b710), kinematic variables such as 
2D and 3D angles are the most utilized to describe 
the movements of UL joints. Consistent with the 
evaluation aim, the angles recorded during pas
sive, active, or robot-assisted movements provide 
useful information regarding the ROM per
formed. In this respect, even a limited number of 
sensors can be enough to assess this function. 
Trajectory, smoothness, and symmetry can be 
investigated to expose additional information 
about the quality of ROM. The scientific literature 
suggests some useful indications: (i) 3D sensor 
orientation estimated by a 9-axis can be used to 
calculate the joints’ angles during passive or active 
mobilization; (ii) IMUs can detect the compensa
tion during movement execution (i.e. trunk com
pensation); (iii) considering the individual 
variability of joints’ angles, the assessment of 
both ULs through IMUs can provide a symmetry 
index between affected and unaffected side defin
ing a tailored ROM measure.

Muscle tone (ICF – b735) of the UL is the least 
common aspect investigated via IMUs with heteroge
neity in the protocols and kinematics variables 
selected. Clinically, spasticity is defined as a motor 
disorder characterized by a velocity-dependent 
increase in the tonic stretch reflex65 often difficult to 
clinically evaluate. Therefore, it is acknowledged that 

quantified, instrumented methods should be used to 
provide a more accurate and valid assessment of 
spasticity.66 In this respect, biomechanical and electro
physiological methods (i.e., isokinetic dynamometers) 
have been investigated as potential instruments, but 
none of these techniques provide an easy and reliable 
assessment of spasticity for the use in the clinical 
routine.67 Interestingly, our investigation shows that 
angular velocity and accelerations recorded via IMUs 
during rapid mobilization of UL were fruitfully 
adopted. Three sensors, at most, are sufficient to mea
sure spasticity in a joint target (i.e., the elbow). This 
information can support the use of wearables to objec
tively quantify spasticity on which assessment there are 
still many limits. To summarize, spasticity is often 
clinically hard to quantify and present a lower inter- 
rater reliability. Although limited, scientific literature 
reports encouraging suggestions about the use of 
IMUs in the assessment of spasticity: (i) angular dis
placement (velocity and acceleration) is the suitable 
kinematic variable recordable via 3D sensor orienta
tion estimated by a 9-axis; (ii) an excellent inter-rater 
reliability was observed in kinematics investigations 
with respect to the fair result in clinical inter-rater 
reliability.

Voluntary movements assessment (ICF – 
b760) is, with the ADLs, the most investigated 
function of UL, and they share some similarities. 
In the included studies in this domain was 
observed a high heterogeneity of variables and 
protocols. Such movements are typically 
assessed during clinical tests or integrated in 
more complex setups, eventually including 
robot-aided therapies64 or exergaming.51 The 
kinematic data recorded during clinical evalua
tion showed a high statistical correlation with 
clinical score, favoring the increasing acceptabil
ity of wearable IMUs among clinical personnel. 
Noteworthy, IMU-based scores may provide 
additional information about the change in 
movement quality that clinical tools do not 
detect.51 In different application contexts, either 
rehabilitation or home-monitoring,61 a plethora 
of IMU-based parameters were fruitfully 
adopted to support clinical assessment and deci
sion-making. In the context of voluntary move
ments, more than in other ICF categories, many 
global parameters have been proposed, such as 
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spectral parameters, somewhere highlighted as 
better informative than traditional temporal or 
kinematics parameters. In brief, the assessment 
of voluntary movements via IMUs present high 
heterogeneity, moreover the literature provides 
useful information: (i) the investigation of 
voluntary movement was recurrently performed 
via instrumentation of clinical test (i.e. 
Mingazzini, finger-to-nose test); (ii) some 
IMUs variables (i.e. smoothness or trajectories) 
can reveal information about movement quality 
that cannot be recorded with timed or quantita
tive tests.

As mentioned above, the ability to perform activ
ities of daily living and the manipulation of objects 
(ICF – d445) is one of the most investigated func
tions of UL. These skills are, in general, the elective 
goal of rehabilitation.68 In fact, the capacity to reach 
and keep in mouth or explore the surroundings can 
be considered the hegemonic function of UL. 
Probably, for this reason, ADL skills were investi
gated more frequently in comparison to the other 
functions. Moreover, the improvement in the ability 
to perform ADL can be considered as the result of 
the recovery in the other skills, such as motor con
trol, range of motion and muscle tone. The investi
gation of ADL skills can be useful when 
a comprehensive evaluation of UL is needed, with
out focusing on the subcomponents of movement. 
While it is recognized that the ADLs are complex 
tasks, the selected studies proposed to characterize 
them using simple kinematic scores such as the 
number of repetitions, joint angles, and symmetry 
(with respect to the healthy subjects or contralesional 
side). This information can be useful to quantify the 
use of impaired limb with respect to the non- 
lesioned limb, to evaluate the volume of space 
explored, and to assess the quality and quantity of 
movement during all-day life. David and colleagues 
(2021)68 synthesized the UL functions during ADL 
in four aspects: (a) amount of use (duration and/or 
intensity), (b) hand preference, (c) type of task, and 
(d) quality of movement. As a result of the present 
systematic review, the most recurrent kinematics 
variables cited above can provide a satisfactory 
response to the main questions of investigation. 
Noteworthy, additional global features (such as 
smoothness) are also considered to investigate 

specific aspects of UL function. Quantitative analysis 
shows a strong correlation between kinematics vari
ables and clinical assessment (r = 0.71 p < 0.001) 
recorded during activities of daily living tasks. The 
homogeneity across the studies and the low risk of 
bias indicate that wearables provide an objective 
measure with excellent compliance with clinical 
observations. To conclude, concerning the IMUs 
assessment of ADL, emerging evidence suggests: (i) 
kinematics variables establish high correlation with 
clinical assessment of every-day activities; (ii) simple 
and complex kinematics can be successfully used to 
evaluate linear or spatial components and global 
features, respectively; (iii) the investigation of both 
ULs can provide information about symmetry dur
ing movement sharing in bimanual tasks; (iv) IMUs 
can be used to quantify the UL use during daily life 
activities in their home.

Advantages

The use of IMUs allows us not only to objectively 
evaluate movement, ROM, spasticity, and ability in 
ADL skills but also to obtain information that is 
often not identified with the common clinical tests. 
Some parameters of global kinematics can broaden 
and/or deepen the evaluation of the functional capacity 
of the UL, often easily linked to the clinical observation 
of the clinical signs such as movement fluidity or 
symmetry. As shown for the lower limb, IMUs can 
provide clinically relevant data on movement quality 
in addition to the traditional outcome.69

The assumption that clinical performance is 
equivalent to real-world performance may not be 
true and new technologies are needed to objectively 
measure real-world activity.70 In this respect, IMU 
technology represents an added value in terms of 
evaluation of the UL functions in the real world, 
having an impact in measuring free-living function 
in a more objective, realistic, and ecological way.71

The increased availability of inexpensive com
mercial devices might influence the clinical deci
sion-making process.12 In this respect, machine 
learning approaches could be used to detect specific 
characterization of UL movements to adapt treat
ments to subjects’ disabilities. Specifically, these 
algorithms on a large kinematics dataset can be 
effective to identify patterns of activity recognition, 
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movement classification, or clinical assessment 
emulation in stroke patients.72

Limitations and future perspectives

As a limitation of the study, less than a third of 
the studies performed a both-side IMUs detec
tion, limiting the evaluation capacity of biman
ual activities, especially in the ADL tasks. 
Moreover, in the literature are not provided 
the sensitivity of kinematics measures in the 
differentiation of minimal clinical difference. 
Finally, the current number of papers on the 
topic did not support a thorough meta-analysis 
especially when considering the papers falling 
in specific ICF domains. Noteworthy, the pre
liminary correlation meta-analysis clearly sup
ported our conclusions , highlighting the 
increasing interest in using IMU technology to 
perform the functional assessment in and out
side the clinical environment. As a matter of 
fact, functional UL evaluation with IMUs does 
not simply improve standard clinical evalua
tions, but radically changes their paradigm, 
providing information on functional domains 
and on subjects’ motor behavior not previously 
explored. This powerful possibility opens the 
chance to deliver rehabilitation in different set
tings (home, inpatient, and outpatient), to mea
sure treatment content (amount, quality, and 
efficacy of the movement) and to better perso
nalize rehabilitation programs. In the future, 
the amount of data recognized from the IMUs 
might offer a unique opportunity to improve 
the continuum of therapy from hospital to 
home environment encoding single and biman
ual ADLs tasks.

Conclusion

The literature provides information about the 
use of IMUs in all four investigated ICF 
domains. The results of the present review 
show that kinematics assessments by IMUs pro
vide additional data (i.e., global features) on 
motor function, muscle tone, range of motion, 
and ability to perform the activity of daily living 

in a clinical or ecological setting. The most 
investigated domain is the functional capacity 
of the upper limb during the movements of 
daily activities. A limited number of IMUs 
devices are sufficient to provide useful informa
tion on UL performance. The strong correlation 
between clinical and kinematics variables sup
ports the choice of IMUs to objectively evaluate 
UL movement. Indeed, IMUs can increase the 
knowledge on the real use of the UL during 
activities of daily life in the home-setting.
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