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Abstract
Technological advances that involve computing and artificial intelligence (AI) have led 
to advances in analysis methods. Fuzzy logic (FL) serves as a qualitative interpretation 
tool for AI. The objective of this systematic review is to investigate the methods of human 
movement (HM) analysis using AI through FL to understand the characteristics of the 
movement of healthy people. To identify relevant studies published up to April 19, 2019, 
we conducted a study of the PubMed, Scopus, ScienceDirect, and IEEE Xplore databases. 
We included studies that evaluated HM through AI using FL in healthy people. A total 
of 951 articles were examined, of which six were selected because they met the criteria 
presented in the methods. The protocols had high heterogeneity, yet all articles selected 
presented statistically satisfactory results, in addition to low errors or a false positive index. 
Only one selected article presented protocol applicability within the free-living model. 
Generally, AI using FL is a good tool to help assess HM in healthy people, but the model 
still needs new data acquisition entries to make it applicability within the free-living model.
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1 � Contributions to the literature

•	 Research involving AI is proving to be a promising branch for faster and more accurate 
diagnostics. Differences in diagnosis regarding biological intelligence are caused by the 
high accuracy of AI.

•	 The development of AI depends on computational technologies and new forms of 
implementation, but AI is already presented as an accurate response tool for the analy-
sis of HM.

•	 FL is a tool that allows AI to approximate biological intelligence and it incorporates 
qualitative responses to process an uncertain margin.

2  Introduction

The analysis of human movement (HM) is undergoing changes because of access to tech-
nologies that use different methods of artificial intelligence (AI). Thus, the development 
of solutions that can learn to analyze, evaluate, diagnose, and prescribe appropriate highly 
personalized movement is feasible (Akash et al. 2018; Bastawrous et al. 2018; Cust et al. 
2019; Kermany et  al. 2018; Montoye et  al. 2016; Mostafa et  al. 2018; Sarowar 2018). 
Human performance is typically subjective, and subject to errors and bias. The use of AI 
in the recognition of HM has the potential to improve both the efficiency and accuracy of 
the analysis of characteristics evaluated using data inputs that are obtained through bio-
mechanical analysis equipment, such as inertial measurement units (IMUs) (accelerome-
try), view (cinemetry) and electromyography (EMG) (Akash et al. 2018; Bastawrous et al. 
2018; Cust et  al. 2019; Kermany et  al. 2018; Montoye et  al. 2016; Mostafa et  al. 2018; 
Sarowar 2018). New technologies improve communication between devices that have such 
a purpose, thereby enabling greater interaction with human users. Small devices with good 
precision are easy to carry, which can make wearable technologies part of the routine for 
people who have access to this technology (Akash et  al. 2018; Bastawrous et  al. 2018; 
Kermany et al. 2018; Montoye et al. 2016; Mostafa et al. 2018; Sarowar 2018). Improving 
the accuracy and speed of decision making for assessing tasks in various types of environ-
ments is an important purpose of AI (Cippitelli et al. 2016; Cust et al. 2019; Manoj and 
Thyagaraju 2018; Montoye et al. 2016; Mostafa et al. 2018).

AI is linked to technology and can be present in any device that has processing power 
that is compatible with the related software (Pan 2016). The evolution of AI depends on 
the development of new technologies and demands that lead to the implementation of new 
algorithms (Montoye et al. 2016; Pan 2016).

The architecture of AI is based on three nodes: the input (data acquisition), processing, 
and output. Processing is performed by an algorithm that interprets the input (data acquisi-
tion) and generates an output. Each algorithm represents an artificial neuron that, together 
with others, creates a complex processing network called an artificial neural network 
(ANN) (Ahn 2018; Calmet and Campbell 2010). A system of ANNs, fed by new algo-
rithms, becomes more assertive than before in decision making (McBee et al. 2018). The 
development of knowledge about innumerable phenomena that can be calculated can be 
transformed into algorithms (artificial neurons) that feed the ANNs. This process improves 
the capability of AI problem-solving (McBee et al. 2018).
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The concept of assisted reality in intelligent and interconnected environments through AI 
is linked to the identification of the diversity of HM (Baca et al. 2009; Cippitelli et al. 2016; 
Manoj and Thyagaraju 2018; Mostafa et al. 2018). Posture assessment is an example of an 
activity that could be monitored in this type of environment, where the data can identify possi-
ble excesses or care needs for certain structures of the human body by identifying patterns that 
involving the position of body segments (Garza-Rodríguez et al. 2018; Golabchi et al. 2017; 
Savino et al. 2017).

Computational advancement is helpful as a tool for sporting skills development protocols, 
where the use of AI is also useful for increasing the accuracy of sports practitioners’ assess-
ments for slow, medium and fast responses (Baca et al. 2009). Recent studies have demon-
strated the efficiency of using AI to understand the performance of athletes (Ahamed et al. 
2017; Morales-Orcajo et al. 2018).

Fuzzy logic (FL) is based on approximate sets and flexible sets that are approximated using 
the functional floatability standards of biological intelligence (Deshpande and Kumar 2018). 
FL can process calculations that deal with uncertainties and inaccuracies, and is a qualita-
tive approach to interpret numerical data (Ahmadi et al. 2018; Ma et al. 2017; Sakthivel et al. 
2018). Recent studies have demonstrated several useful resources for AI applied to human 
health because it can accurately interpret and develop data that involve risks to human health 
(Ahmadi et al. 2018; 2018; Sarowar 2018). The junction of AI and FL has been highly precise 
in the processing of data collected using non-invasive techniques in the analysis of HM (Peulic 
et al. 2018).

Fuzzy set theory is based on mathematical calculations that involve the general theory of 
groups, where each group is formed by a class that has characteristics in common. Each class 
has characteristics based on values between 0 and 1 to calculate possibilities that could be con-
sidered uncertain (Sakthivel et al. 2018). The degree of matching between possibilities can be 
assessed simply based on the lower and upper bounds of the occurrence of the event studied 
(Sakthivel et al. 2018). Handing over fuzzy events to a simple mathematical language makes 
FL a tool for AI in assessing the inaccurate complexity of HM.

AI using LF is highly accurate in recognizing human locomotor patterns to identify mus-
culoskeletal disorders, where locomotion pattern screening models analyzed by intelligent 
agents using LF as a tool can achieve great diagnostic accuracy (Farzandipour et al. 2018). 
However, even though there have been advances in studies on musculoskeletal disease pat-
terns, the literature still lacks review data that can identify how human locomotor patterns 
were determined in research assessed by AI using LF aimed at healthy people.

The objective of this study is to perform a systematic review that investigates methods of 
HM analysis using AI through FL, with a focus on understanding the characteristics of the 
movement of healthy people. The purpose of this review is to answer the following questions 
based on AI using FL: (1) What motor gestures were used to assess the HM of healthy peo-
ple? (2) What data collection equipment was used to generate the input (data acquisition)? (3) 
Were the results statistically satisfactory in assessing the HM of healthy people? (4) Do the 
control types used allow applicability within the free-living model? (5) What was the reason 
for choosing FL for the study?
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3 � Methods

A search for articles was conducted on the PubMed, Scopus, ScienceDirect, and IEEE 
Xplore databases to identify relevant studies published up to April 19, 2019. The key-
words used in the search were fuzzy logic, artificial intelligence, HM and biomechan-
ics. The search was for original articles only. Articles were excluded where the subject 
contained content review, lesion, disease, treatment, or rehabilitation. Because of the 
number of articles retrieved through keywords and, the fact that the search strategy did 
not specify the type of HM, studies related to the physical abilities and motor abilities 
of healthy individuals were chosen after the screening stage of the articles following the 
flow chart in Table 1. The systematization PRISMA proposed by Moher et  al. (2010) 
was used.

The articles selected from database searches were subsequently evaluated based on 
inclusion and exclusion criteria. The inclusion and exclusion criteria are given in Table 2.

The inclusion and exclusion criteria were applied in two screening stages. In the first 
screening stage, the authors evaluated the content using the title and abstract, and elimi-
nated articles that did not meet the eligibility criteria. The articles that raised doubts about 
whether these criteria were met proceeded to the second screening stage. In the second 
screening stage, the articles were read in their entirety and those that did not meet the eligi-
bility criteria were excluded.

A total of nine parameters were extracted from the six articles selected in this system-
atic review: author, year of publication, motor gesture studied, input (data acquisition), 
intervention, sample characteristics, applicability, reason for choosing FL, and details of 
the FL adopted.

Because of the heterogeneity of the protocols found in the selected articles, it was not 
possible to perform meta-analysis in this study. Thus, the results were analyzed using 

Table 1   Keyword search terms 
by database

Keywords by database

PubMed; ScienceDirect; IEEE Xplore
(((fuzzy) AND artificial intelligence) AND human movement) AND 

biomechanics
Scopus
fuzzy AND artificial intelligence AND human movement AND biome-

chanics

Table 2   Inclusion and exclusion criteria of the study

Inclusion criteria Exclusion criteria

Original article published and found from the guide-
lines described in Table 01

Sample based on voluntary human locomotor move-
ment of healthy people

Research in the field of technology use
Development or use of learning algorithms to 

recognize HM
Published as full studies written in English

Articles published after April 20, 2019 or as of this 
date

Analysis of HM only investigated for clinical pur-
poses

Activities aimed at investigating human behavior in 
the field of psychology

Main investigation linked to the trajectory of the ball 
or other projectile

Review studies
Books and theses
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descriptive statistics; specifically, for each parameter evaluated, an average was calculated 
that was reported.

4 � Results

Figure  1 shows the 951 articles found in PubMed, Scopus, ScienceDirect, and IEEE 
Xplore. After the removal of 12 duplicates, there were 939 articles. After applying the 
inclusion and exclusion criteria, and evaluating the title and abstract, 27 articles were 
obtained. These were read in full and evaluated according to the inclusion and exclusion 
criteria, which obtained a final number of six articles, which were used in this systematic 
review.

The characteristics of the selected studies are presented in Table 3. The oldest article 
was published in 2011 and the most recent was published in 2018.

LF as a tool for AI can be used in various ways, and its main characteristics are 
described in Table 4.

Table 5 shows that only one article presented the mean and standard deviation of the 
experimental protocol, whereas the others presented the error rate or false positive level in 
the protocol.

Table 6 shows a description of the reason for using the FL that was described in each 
article.

To evaluate the use of FL in the selected studies, the authors verified that the most used 
motor gesture was gait, which was presented in two studies (33.3%) (Kutilek et al. 2013; 
Ng et al. 2014), and was the only motor gesture repeated in the selected studies; the motor 

Fig. 1   PRISMA flow chart: screening and selection process



1512	 B. N. Lima et al.

1 3

Ta
bl

e 
3  

C
ha

ra
ct

er
ist

ic
s o

f s
el

ec
te

d 
stu

di
es

Re
fe

re
nc

es
St

ud
ie

d 
m

ot
or

 g
es

tu
re

In
pu

t (
da

ta
 a

cq
ui

si
tio

n)
In

te
rv

en
tio

n 
an

d 
lo

ca
l

Sa
m

pl
e

Re
su

lt
A

pp
lic

ab
ili

ty

A
ha

m
ed

 e
t a

l. 
(2

01
7)

Ru
nn

in
g

A
 3

D
 a

cc
el

er
om

-
et

er
 (S

hi
m

m
er

3 
G

SR
 +

 ®
 ±

 8 
g,

 S
hi

m
-

m
er

 In
c.

, D
ub

lin
 IE

) 
w

as
 p

la
ce

d 
on

 th
e 

sa
cr

um
 o

f e
ac

h 
ai

sl
e 

to
 re

co
rd

 th
e 

m
as

s 
ac

ce
le

ra
tio

n 
ce

nt
er

 a
t a

 
sa

m
pl

in
g 

fr
eq

ue
nc

y 
of

 
20

1.
03

 H
z

3 
ru

nn
in

g 
te

sts
 o

n 
a 

tre
ad

m
ill

 fo
r a

pp
ro

xi
-

m
at

el
y 

60
″

3 
ru

nn
er

s
A

cc
ur

ac
y 

of
 9

6.
54

%
Ye

s

G
op

al
ai

 a
nd

 A
ro

sh
a 

Se
na

na
ya

ke
 (2

01
1)

W
ob

bl
e 

B
oa

rd
 T

ra
in

in
g

M
ic

ro
St

ra
in

 In
er

tia
l 

Se
ns

or
s w

hi
ch

 a
re

 
tri

ax
ia

l a
cc

el
er

om
-

et
er

s, 
gy

ro
sc

op
es

 a
nd

 
an

 o
n-

bo
ar

d 
pr

oc
es

so
r 

w
ith

 tr
ia

xi
al

 se
ns

or
 

fu
si

on
 a

lg
or

ith
m

s t
ha

t 
su

pp
or

t 3
60

º m
ea

su
re

-
m

en
t o

f o
rie

nt
at

io
n 

ra
ng

e 
ac

ro
ss

 a
ll 

ax
es

3 
at

te
m

pt
s i

n 
ea

ch
 

co
nd

iti
on

, t
ot

al
in

g 
12

. 
C

on
di

tio
ns

: E
ye

s o
pe

n 
an

d 
ey

es
 c

lo
se

d;
 w

ith
-

ou
t v

ib
ro

-v
ib

ra
to

ry
 

fe
ed

ba
ck

 a
nd

 w
ith

 
vi

br
at

in
g 

fe
ed

ba
ck

6 
m

en
 a

nd
 6

 w
om

en
; a

ge
 

23
.4

5 
(±

 1.
45

) y
ea

rs
, 

B
M

I 2
1.

85
 (±

 1.
87

) 
kg

/m
2

A
ll 

su
bj

ec
ts

 re
gi

ste
re

d 
si

gn
ifi

ca
nt

 im
pr

ov
e-

m
en

ts
 (p

 v
al

ue
s o

f 
p <

 0.
05

)

N
ot

K
ut

ile
k 

et
 a

l. 
(2

01
3)

G
ai

t
Lu

ko
tro

ni
c 

A
S2

00
 

th
re

e-
di

m
en

si
on

al
 

m
ot

io
n 

ca
pt

ur
e 

sy
ste

m
 

m
ou

nt
ed

 in
 fr

on
t o

r 
be

hi
nd

 th
e 

m
ov

in
g 

ob
je

ct
 o

n 
th

e 
tre

ad
m

ill
, 

re
co

rd
in

g 
3D

 m
ov

e-
m

en
ts

 o
f t

he
 lo

w
er

 
lim

bs
, a

lth
ou

gh
 o

nl
y 

th
e 

sa
gi

tta
l p

la
ne

 is
 

be
in

g 
co

lle
ct

ed

G
ai

t o
n 

th
e 

Tr
ea

dm
ill

, 
va

ry
in

g 
th

e 
sp

ee
d 

an
d 

in
cl

in
e 

ac
co

rd
in

g 
to

 a
 

ra
nd

om
iz

ed
 sc

he
du

le

10
 st

ud
en

ts
In

fe
re

nc
e 

ba
se

d 
on

 
an

 e
va

lu
at

io
n 

of
 

th
e 

pr
op

os
ed

 c
yc

le
 

co
ul

d 
be

 su
ffi

ci
en

tly
 

ac
cu

ra
te

 a
nd

 a
de

qu
at

e 
if 

w
e 

ne
ed

 to
 k

no
w

 
th

e 
ap

pr
ox

im
at

e 
ty

pe
 

of
 w

al
ki

ng
 a

nd
 th

e 
ap

pr
ox

im
at

e 
an

gl
e 

of
 in

cl
in

at
io

n 
of

 th
e 

su
rfa

ce

N
ot



1513Artificial intelligence based on fuzzy logic for the analysis…

1 3

Ta
bl

e 
3  

(c
on

tin
ue

d)

Re
fe

re
nc

es
St

ud
ie

d 
m

ot
or

 g
es

tu
re

In
pu

t (
da

ta
 a

cq
ui

si
tio

n)
In

te
rv

en
tio

n 
an

d 
lo

ca
l

Sa
m

pl
e

Re
su

lt
A

pp
lic

ab
ili

ty

M
eb

ar
ki

a 
et

 a
l. 

(2
01

4)
To

 p
er

fo
rm

 th
re

e 
tim

es
 

vo
lu

nt
ar

y 
is

om
et

ric
 

co
nt

ra
ct

io
n 

at
 a

 lo
w

 
str

en
gt

h 
le

ve
l

El
ec

tro
m

yo
gr

ap
hy

 
(E

M
G

) s
ig

ns
 o

f t
hr

ee
 

m
us

cl
es

 (r
ig

ht
 si

de
): 

Th
e 

sh
or

t a
bd

uc
to

r o
f 

th
e 

th
um

b,
 th

e 
do

rs
al

 
an

d 
th

e 
m

us
cl

es
 o

f t
he

 
bi

ce
ps

 b
ra

ch
ii

D
et

ec
tio

n 
of

 a
ct

iv
e 

m
ot

or
 u

ni
ts

 p
er

fo
rm

ed
 

by
 a

n 
al

go
rit

hm
 b

as
ed

 
on

 p
re

lim
in

ar
y 

ru
le

s 
th

at
 in

ve
sti

ga
te

s t
he

 
th

re
e-

ph
as

e 
m

od
el

 
in

 th
e 

si
gn

al
. S

ig
na

ls
 

la
sti

ng
 fo

r 1
0 

s w
er

e 
re

co
rd

ed
 fr

om
 th

e 
th

re
e 

m
us

cl
es

 u
si

ng
 

th
e 

bi
di

m
en

si
on

al
 

co
nfi

gu
ra

tio
n 

of
 1

6 
el

ec
tro

de
s i

n 
ea

ch
 

at
te

m
pt

 o
f i

so
m

et
ric

 
vo

lu
nt

ar
y 

co
nt

ra
ct

io
n 

of
 lo

w
 fo

rc
e 

le
ve

l

6 
w

om
en

 (a
ge

: 
27

.4
 ±

 3.
64

 y
ea

rs
, 

he
ig

ht
: 1

.6
5 ±

 0.
08

 m
, 

bo
dy

 m
as

s:
 

74
.1

6 ±
 22

.8
5 

kg
) 

an
d 

5 
m

an
 (a

ge
: 

29
.6

 ±
 4.

5 
ye

ar
s, 

he
ig

ht
: 1

.8
3 ±

 0.
07

 m
, 

bo
dy

 w
ei

gh
t: 

85
 ±

 15
.8

 k
g)

A
cc

ur
ac

y 
of

 9
7.

80
%

N
ot



1514	 B. N. Lima et al.

1 3

Ta
bl

e 
3  

(c
on

tin
ue

d)

Re
fe

re
nc

es
St

ud
ie

d 
m

ot
or

 g
es

tu
re

In
pu

t (
da

ta
 a

cq
ui

si
tio

n)
In

te
rv

en
tio

n 
an

d 
lo

ca
l

Sa
m

pl
e

Re
su

lt
A

pp
lic

ab
ili

ty

N
g 

et
 a

l. 
(2

01
4)

G
ai

t
Tw

o 
So

ny
 H

D
R-

X
R

16
0E

 H
D

R
 c

am
-

co
rd

er
s. 

Th
e 

vi
de

os
 

w
er

e 
re

co
rd

ed
 in

 th
e 

M
PE

G
 T

ra
ns

po
rt 

St
re

am
 (M

TS
) f

or
m

at
 

w
ith

 1
92

0 
re

so
lu

-
tio

n 
(H

ei
gh

t) 
× 

10
80

 
(W

id
th

) p
ix

el
s. 

Th
e 

vi
de

o 
str

ea
m

 w
as

 c
ap

-
tu

re
d 

us
in

g 
pr

og
re

ss
iv

e 
sc

an
ni

ng
 a

t a
 fr

am
e 

ra
te

 o
f 5

0 
fr

am
es

 
pe

r s
ec

on
d 

(f
ps

). 
C

am
co

rd
er

s c
ap

tu
re

d 
th

e 
w

al
ki

ng
 se

qu
en

ce
 

fro
m

 tw
o 

di
ffe

re
nt

 
vi

ew
in

g 
an

gl
es

: l
at

er
al

 
vi

ew
 a

nd
 o

bl
iq

ue
 v

ie
w

 
of

 6
0°

Th
e 

re
gi

str
at

io
n 

of
 th

e 
M

M
U

G
ai

t d
at

ab
as

e 
w

as
 d

on
e 

in
 a

n 
in

te
rn

al
 

en
vi

ro
nm

en
t w

ith
 a

 
gr

ee
n 

ba
ck

gr
ou

nd
 a

nd
 

a 
so

lid
 w

hi
te

 su
rfa

ce
. 

Th
e 

su
bj

ec
ts

 w
al

ke
d 

ba
ck

 a
nd

 fo
rth

 o
n 

a 
tra

ck
 c

on
tin

uo
us

ly
 

an
d 

ca
pt

ur
ed

 in
 b

ot
h 

di
re

ct
io

ns

82
 su

bj
ec

ts
A

cc
ur

ac
y 

ab
ov

e 
90

%
N

ot

N
ow

sh
ira

va
n 

R
ah

at
ab

ad
 

et
 a

l. 
(2

01
2)

El
bo

w
 M

ov
em

en
ts

 
B

as
ed

 o
n 

B
ic

ep
s a

nd
 

Tr
ic

ep
s O

nl
y

el
bo

w
 e

le
ct

ro
go

ni
om

-
et

ry
 a

nd
 E

M
G

 w
er

e 
re

co
rd

ed
 fr

om
 th

e 
m

us
cl

es
 a

nd
 jo

in
t, 

th
e 

an
gl

es
 w

er
e 

co
nv

er
te

d 
fo

r t
he

 m
om

en
t, 

by
 

in
ve

rs
e 

dy
na

m
ic

 a
na

ly
-

si
s t

hr
ou

gh
 M

A
TL

A
B

 
so

ftw
ar

e 
(M

at
hW

or
ks

, 
20

05
)

A
 ta

bl
e 

se
t t

o 
ho

ld
 th

e 
sh

ou
ld

er
 m

ai
nt

ai
n 

an
 

an
gl

e 
of

 9
0°

. M
ov

e 
th

e 
el

bo
w

 w
he

re
 th

e 
ha

nd
 

fo
llo

w
s a

 sp
ec

ifi
c 

pa
th

 
fo

rw
ar

d 
an

d 
ba

ck
w

ar
d 

at
 a

 d
ist

an
ce

 o
f 5

0 
cm

3 
m

al
e 

su
bj

ec
ts

 a
ge

d 
21

–2
7,

 ri
gh

t-h
an

de
d 

an
d 

w
ith

ou
t n

eu
ro

m
us

-
cu

la
r p

ro
bl

em
s

12
.4

%
 R

M
S 

er
ro

r (
in

 th
e 

w
or

st 
ca

se
) c

om
pa

re
d 

to
 th

e 
ex

pe
rim

en
t d

at
a

N
ot



1515Artificial intelligence based on fuzzy logic for the analysis…

1 3

Ta
bl

e 
4  

D
et

ai
ls

 o
f t

he
 L

F 
ad

op
te

d 
in

 th
e 

se
le

ct
ed

 a
rti

cl
es

Re
fe

re
nc

es
Li

ng
ui

sti
c 

va
ria

bl
es

D
et

ai
ls

 o
f L

F 
m

et
ho

d

M
em

be
rs

hi
p 

fu
nc

tio
n

Fu
zz

y 
op

er
a-

to
r

Fu
zz

y 
in

fe
r-

en
ce

N
um

be
r 

of
 ru

le
s

D
ef

uz
zi

-
fic

at
io

n 
m

et
ho

d

So
ftw

ar
e

A
ha

m
ed

 e
t a

l. 
(2

01
7)

Sl
ow

, m
ed

iu
m

, f
as

t
Tr

ia
ng

ul
ar

if–
th

en
M

am
da

ni
3

C
en

tro
id

M
at

La
b

G
op

al
ai

 a
nd

 
A

ro
sh

a 
Se

na
na

ya
ke

 
(2

01
1)

In
pu

t
O

ut
pu

t
Tr

ia
ng

ul
ar

 a
nd

 
tra

pe
zo

id
al

M
ax

–m
in

/
if–

th
en

M
am

da
ni

15
C

en
tro

id
La

bV
IE

W
 8

.5
M

em
be

rs
hi

p 
fu

nc
tio

ns
 fo

r 
tru

nk
 m

ea
s-

ur
em

en
ts

 
(in

pu
t)

M
em

be
rs

hi
p 

fu
nc

tio
ns

 
fo

r w
ob

bl
e 

bo
ar

d 
m

ea
s-

ur
em

en
ts

 
(in

pu
t)

M
em

be
rs

hi
p 

fu
nc

tio
n 

fo
r p

os
-

tu
ra

l s
ta

bi
lit

y

Po
or

, a
ve

ra
ge

, 
go

od
N

eg
at

iv
e 

po
or

, 
ne

ga
tiv

e 
av

er
ag

e,
 

go
od

, a
ve

r-
ag

e,
 p

oo
r

N
eg

at
iv

e 
hi

gh
, n

eg
at

iv
e 

lo
w

, 
de

ad
 z

on
e,

 lo
w

, h
ig

h

K
ut

ile
k 

et
 a

l. 
(2

01
3)

In
pu

t
O

ut
pu

t
Tr

ia
ng

ul
ar

 a
nd

 
tra

pe
zo

id
al

If
–t

he
n

M
am

da
ni

–
–

M
at

La
b

Sm
al

l, 
m

ed
iu

m
, 

la
rg

e

Sm
al

l n
eg

a-
tiv

e,
 sm

al
l 

po
si

tiv
e,

 
m

ed
iu

m
 

po
si

tiv
e,

 
la

rg
e 

po
si

tiv
e

Sl
ow

, c
om

fo
rt-

ab
le

, f
as

t
Sm

al
l, 

m
ed

iu
m

, 
la

rg
e 

(s
ta

irs
)

M
eb

ar
ki

a 
et

 a
l. 

(2
01

4)
Sm

al
l, 

m
ed

iu
m

, l
ar

ge
Tr

ap
ez

oi
da

l
If

–t
he

n
–

10
–

M
at

La
b



1516	 B. N. Lima et al.

1 3

Ta
bl

e 
4  

(c
on

tin
ue

d)

Re
fe

re
nc

es
Li

ng
ui

sti
c 

va
ria

bl
es

D
et

ai
ls

 o
f L

F 
m

et
ho

d

M
em

be
rs

hi
p 

fu
nc

tio
n

Fu
zz

y 
op

er
a-

to
r

Fu
zz

y 
in

fe
r-

en
ce

N
um

be
r 

of
 ru

le
s

D
ef

uz
zi

-
fic

at
io

n 
m

et
ho

d

So
ftw

ar
e

N
g 

et
 a

l. 
(2

01
4)

Eu
cl

id
ea

n 
di

st
an

ce
 m

et
ric

s w
ith

 v
ar

io
us

 te
sts

 in
vo

lv
in

g 
ap

pr
ox

i-
m

at
e 

va
lu

es
U

si
ng

 E
xp

er
i-

m
en

ts
 to

 
Fi

nd
 th

e 
R

ig
ht

 R
an

k 
R

at
e

an
d

–
–

–
–

N
ow

sh
ira

va
n 

R
ah

at
ab

ad
 

et
 a

l. 
(2

01
2)

Pa
ss

iv
e-

le
ng

th
 fo

rc
e,

 a
ct

iv
e-

le
ng

th
 fo

rc
e 

an
d 

ac
tiv

e-
sp

ee
d 

fo
rc

e 
of

 
th

e 
H

ill
 m

us
cl

e 
m

od
el

 a
nd

 F
uz

zy
 G

en
et

ic
 Im

pl
em

en
ta

tio
n 

H
ill

-
ba

se
d 

m
us

cl
e 

m
od

el

G
au

ss
-

ia
n 

fu
zz

y 
m

em
be

rs
hi

p 
fu

nc
tio

n 
fo

r 
in

pu
t/o

ut
pu

t 
se

ts

an
d

Za
ja

c
–

–
M

at
La

b



1517Artificial intelligence based on fuzzy logic for the analysis…

1 3

Ta
bl

e 
5  

M
ea

n 
an

d 
st

an
da

rd
 d

ev
ia

tio
n,

 e
rr

or
 ra

te
, o

r f
al

se
 p

os
iti

ve
 ra

te

Re
fe

re
nc

es
M

ea
n 

an
d 

st
an

da
rd

 d
ev

ia
tio

n,
 e

rr
or

 ra
te

 o
r f

al
se

 p
os

iti
ve

 ra
te

A
ha

m
ed

 e
t a

l. 
(2

01
7)

C
oe

ffi
ci

en
t o

f d
et

er
m

in
at

io
n 

be
tw

ee
n 

ac
tu

al
 a

nd
 p

re
di

ct
ed

 v
al

ue
s

81
%

Re
si

du
al

 st
an

da
rd

 d
ev

ia
tio

n
0.

17
8

M
ea

n 
sq

ua
re

d 
er

ro
r

0.
05

9
av

er
ag

e 
ab

so
lu

te
 e

rr
or

0.
21

3
no

n-
di

m
en

si
on

al
 e

rr
or

 ra
te

0.
14

7
G

op
al

ai
 a

nd
 A

ro
sh

a 
Se

na
na

ya
ke

 (2
01

1)
IM

U
s E

ul
er

 A
ng

le
 M

ea
su

re
m

en
ts

4.
79

 ±
 1.

06
 m

s
K

ut
ile

k 
et

 a
l. 

(2
01

3)
Th

e 
sl

ig
ht

 v
ar

ia
bi

lit
y 

in
 th

e 
es

tim
at

io
n 

of
 th

e 
ty

pe
 o

f t
er

ra
in

 a
nd

 w
al

ki
ng

 sp
ee

d 
m

ay
 b

e 
in

si
gn

ifi
ca

nt
, s

in
ce

 th
er

e 
ar

e 
sl

ig
ht

 v
ar

ia
tio

ns
, e

ve
n 

in
 th

e 
hu

m
an

 g
ai

t
Th

e 
sm

al
l d

iff
er

en
ce

s i
n 

th
e 

in
fe

rr
ed

 c
ha

ra
ct

er
ist

ic
s 

ar
e 

co
m

pa
ra

bl
e 

to
 th

os
e 

se
en

 d
ur

in
g 

th
e 

m
ea

s-
ur

ed
 h

um
an

 n
at

ur
al

 g
ai

t.
M

eb
ar

ki
a 

et
 a

l. 
(2

01
4)

Th
e 

to
ta

l n
um

be
r o

f m
ot

or
 u

ni
ts

 w
ith

 a
ct

iv
at

io
n 

po
te

nt
ia

l w
as

 c
la

ss
ifi

ed
 a

s a
 

to
ta

l e
rr

or
4.

97
%

N
g 

et
 a

l. 
(2

01
4)

Th
e 

sy
ste

m
 a

ch
ie

ve
d 

lo
w

 fa
ls

e 
po

si
tiv

e 
ra

te
s

Th
ey

 a
re

 in
 th

e 
ra

ng
e 

of
 0

.1
–2

.6
%

N
ow

sh
ira

va
n 

R
ah

at
ab

ad
 e

t a
l. 

(2
01

2)
M

ea
n 

sq
ua

re
 e

rr
or

le
ss

 th
an

 5
.5

65
6 

N



1518	 B. N. Lima et al.

1 3

gesture of running was used in one study (16.6%) (Ahamed et al. 2017); motor movement 
control based on the bicep and triceps muscles in flexion and extension with a linear pre-
defined movement of 50  cm was used in one article (16.6%) (Nowshiravan Rahatabad 
et  al. 2012); the balance control motor gesture on a wobble board was used in one arti-
cle (16.6%) (Gopalai and Arosha Senanayake 2011); and the motor control gesture of the 
abductor short of the thumb, dorsal muscles, and muscles of the biceps brachii in voluntary 
isometric contraction at a low level of strength was used in one article (16.6%) (Mebarkia 
et al. 2014).

Data acquisition in the selected articles was performed by the equipment used to ana-
lyze the HM of healthy people, which had the characteristics of the ability to collect data 
and report directly using language that could be processed by a computer. EMG was used 
in two studies (33.3%) (Mebarkia et al. 2014; Nowshiravan Rahatabad et al. 2012), where 
one study simultaneously used an electrogoniometer (16.6%) (Nowshiravan Rahatabad 
et al. 2012); in two studies, triaxial accelerometers (33.3%) were used; and in two studies, 
three-dimensional (3D) kinematic analyses (33.3%) (Kutilek et al. 2013; Ng et al. 2014) 
were performed using two specifically positioned cameras.

All the selected articles had protocols for which AI using FL presented statistically sat-
isfactory results, thereby demonstrating that AI using FL, with its peculiarities, can be con-
sidered a reliable tool for the analysis of HM within the presented procedure.

The only article that presented a method with applicability within the free-living model 
was that of Ahamed et  al. (2017), which used an accelerometer to generate input (data 
acquisition).

5 � Discussion

The present review brought together articles that involve the results of studies that used AI 
and FL applied solely to assess the voluntary HM of healthy people. There is no preferred 
data acquisition mechanism for studying HM, and simpler mechanisms appear to have 
better applicability. The selected studies evaluated the applicability of FL by analyzing 

Table 6   Reasons for choosing FL

References Reason for choosing FL, according to own author

Ahamed et al. (2017) The FL is an influential rule-based AI technique that helps predict 
and identify patterns of human gait movement and running 
conditions identified in previous studies

Gopalai and Arosha Senanayake (2011) The fuzzy inference system is usually more efficient to determine 
the level of feedback in the presence of noise as it occurs in 
appropriate vibro-intervention protocols

Kutilek et al. (2013) To amplify the studies about FL in the identification of the type of 
movement of the lower limbs or the type of gait

Mebarkia et al. (2014) Attempt to better represent the rules generated by the human 
expert

Ng et al. (2014) Better understand the Euclidean distance metrics and Linear 
Discriminant Analysis classifiers requested in the study

Nowshiravan Rahatabad et al. (2012) O’Brien developed a diffuse muscle model to improve the limita-
tions of the Hill model. He used the fuzzy theory to model the 
input/output of muscle
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different types of locomotor movement and, overall, they presented statistically satisfactory 
results.

The present work corroborates the systematic review study developed by Cust et  al. 
(2019) with respect to results that involve using AI to evaluate HM. The studies have meth-
odological differences because the present study involved a search for articles on the FL 
tool used for healthy people, whereas the study by Cust et al. (2019) did not specify a tool 
for AI and sought to identify sporting gestures.

Regarding sports, only one out of the six articles evaluated the locomotor gesture of 
running, but without the objective of identifying performance. In the article by Ahamed 
et al. (2017), LF inferences were used to generate qualitative running velocity responses to 
characterize slow, medium, and fast. Other ways of using this mechanism, based on a tri-
axial accelerometer, could be explored to improve sports performance by correlating quali-
tative data with training levels and categories.

Half of the selected studies were directed to understanding human locomotion: two 
involved gait (33.3%) (Kutilek et  al. 2013; Ng et  al. 2014) and one involved running 
(16.6%) (Ahamed et al. 2017). The low number of articles that involved the subject FL and 
healthy people demonstrates that we may be taking the first steps toward automating the 
HM analysis of healthy people.

Kutilek et al. (2013) used cyclograms, which were designed by collecting human gait 
patterns that characterize the speed of travel and the slope of the terrain. The data collected 
for the formation of cyclogram patterns fed databases that could be used later in the devel-
opment of new studies and new technologies that may require this identification.

The study by Kutilek et al. (2013) sought to deepen a nebulous and specialized method 
of data collection with the purpose of presenting a basis to be applied in the possible devel-
opment of robotic prostheses or locomotion therapies. For purposes other than Ng et al. 
(2014) proposed a more robust method for understanding the data collected. In the selected 
studies, 3D kinematic analysis was used the proposed input (data acquisition) to under-
standing data regarding the development of a specific motion because it could represent a 
large amount of data.

Because FL is linked to correlations, feeding the database to minimize possible errors 
is a task that can be continuously updated. The study developed by Ng et al. (2014) is an 
example of how the system can be fed to reduce errors because this case included the addi-
tion of people using a series of objects that obstructed the reading of data, but the accuracy 
of the reading remained high, even if it considered more than one individual at a time. This 
system could contribute to making it more possible to identify data for people in a free-
living context performing their daily tasks.

Although the study by Ahamed et al. (2017) succeeded in identifying a highly accurate 
method of analysis, it is evident that to improve the understanding of running, it would be 
necessary to implement a larger number of corridors and more sensors, such as GPS. Fol-
lowing a different path, Kutilek et al. (2013) and Ng et al. (2014), used AI and FL in the 
kinematic reading to collect gait data that could be applicable to other studies, which dem-
onstrated an interest in presenting only findings without intervention through the proposed 
method. Other studies using AI through ANNs have validated, with important results, the 
use of accelerometers to estimate caloric expenditure during physical activity, thereby 
demonstrating that there is a huge depth of studies possible in this path (Montoye et  al. 
2016).

The only study found on AI using FL for balance control analysis was developed by 
Gopalai and Arosha Senanayake (2011), who used a protocol on an unstable platform 
(wobble board) with closed eyes and open eyes, and with and without vibratory feedback. 



1520	 B. N. Lima et al.

1 3

The study aimed at determining the characteristics of the conditions proposed in the 
experiment.

The feedback system presented by Gopalai and Arosha Senanayake (2011), based on 
vibrotactile sensors, which warn of possible inadequate postural controls, is presented as an 
alternative to the development of acute physical capacity improvements. Although it may 
represent a wide range of possible developments, the study focused on the postural control 
of healthy people, thereby demonstrating findings on the behavior of HM.

Accelerometer-based data acquisition (input) used in the selected articles searched data 
that referred to the repetition of an event, such as that which occurs in the course of run-
ning or the oscillation of equilibrium control.

Mebarkia et al. (2014) proposed recognizing the motor units (MUs) that are activated 
(action potential [MUAP]) through AI using FL, and developed a tool that is capable of 
performing such a function.

The recognition of MUAPS in healthy people was also a finding, but in this case, the 
improvement was caused by the use of AI in the proposed model through LF. For Mebarkia 
et  al. (2014), the findings contributed to studies that now understand the functioning of 
muscle tissue more robustly.

Nowshiravan Rahatabad et al. (2012) aimed to present an adequate tool to compare arti-
ficial and biological muscle, and used EMG signals as one of its inputs and force as the 
output. Such a model can assist in the production of efficient artificial muscles that meet 
the criteria of the biological muscle.

To understand the motor control behavior of biological muscle, Nowshiravan Rahatabad 
et al. (2012), found that the LF-based AI model proposed in the study is an efficient form 
of control for artificial muscles that are controlled by the same neuromotor mechanism. 
Therefore, it is a study that seeks the development of robotics through human modeling.

Selected researchers that have used input (data acquisition) aimed at identifying some 
muscle control characteristics have chosen to use EMG, as found in Mebarkia et al. (2014) 
and Nowshiravan Rahatabad et al. (2012).

According to Ma et al. (2017), FL theory involves rough or flexible sets that are essen-
tially mathematical tools that provide calculation mechanisms to manage uncertainties. 
The selected studies do not disagree with the proposed FL concept and use it to deal with 
uncertainties. HM is complex and susceptible to uncertainties; thus, FL contributes to the 
evolution of methods that can deal with this context.

Even though the FL concept was successfully applied in selected articles, the challenge 
of conducting the implementation of AI in the research environment must be considered to 
seek increasingly efficient solutions for an evolution of methods and procedures.

The data collections presented in the selected articles demonstrated structural prob-
lems, which necessitated adaptations in their procedures, which mostly reduced variables 
for simpler protocols and generated simpler data. It is worth mentioning that 83.3% of the 
selected studies do not have applicability within the free-living model because of difficul-
ties in data acquisition outside a laboratory environment.

No AI studies were found that use FL in the evaluation of the HM of healthy people that 
were directed to the understanding of the performance of some physical or sports capacity. 
It is hoped that as data inputs for new technologies evolve, new possibilities may arise for 
actual application.
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6 � Conclusion

AI using FL, according to the selected studies, presents statistically satisfactory results 
because of the low error rates or production of data considered to be false in the evaluation 
of the HM of healthy people. The literature presents a few recent studies on the subject. 
Even with the advantages of the model, there are still limitations to the use of this technol-
ogy because of the difficulty of implementation in the free-living context, that is, the col-
lection environments are still very controlled in laboratories. Even in this context, devices 
have been studied that can be applicability within the free-living model context. Multiple 
devices can be used for data generation through FL-based AI responses. The selected stud-
ies presented a nonhomogeneous variety of devices and motor gestures in their protocols, 
despite half of the studies being involved in human locomotion. The selected studies did 
not seek to characterize human performance or more vigorous gestures. The main reason 
for using FL as an AI tool was linked to the simplicity context of the correlation-based 
model for dealing with data collection or responses that may be “inaccurate.”
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