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Abstract-Aim: The present study aimed to perform a literature review on the use of wearable inertial sensors for gait 
analysis of children in clinical practice. Methods: Searches were performed in the MEDLINE, EMBASE, Cochrane 
Library, and PEDro databases for studies involving children or adolescents submitted to gait analysis with the use 
of wearable inertial sensors. No restrictions were imposed regarding the date of publication or language. Results: 
Three hundred twenty articles were retrieved, 14 of which met the eligibility criteria and were selected for the present 
systematic review. Two independent reviewers assessed the risk of bias and study quality using the ROBINS-I and 
AXIS scale. The studies included in the present review reported multiple outcomes of kinematic gait assessments 
calculated from the signals provided by the wearable sensors, performed in a hospital setting, outpatient clinic, and 
a familiar environment, with several types of pediatric conditions. Conclusion: The findings suggest that wearable 
sensors are effective for the evaluation of quantitative gait variables in children with different pediatric conditions, 
enabling an objective analysis that should prove useful in the processes of clinical diagnosis and rehabilitation. However, 
given the relatively small number of studies published on this topic, it is difficult to make strong recommendations 
regarding the most appropriate equipment, sensor placement, and outcomes for assessing gait in children.
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Introduction

Gait analysis is the systematic quantitative measurement, de-
scription, and assessment of human locomotion and therefore 
plays an important role in clinical practice1. This type of analysis 
provides objective information on a patient’s functional level 
and can be used to evaluate the effectiveness of rehabilitation 
programs as well as the success of surgical procedures2.

The kinematics of gait in children is similar to that of adults. 
However, discrepant results have been reported with regard to 
the underlying kinetics, providing support for the hypothesis that 
children lack the neuromuscular maturity for the production of 
an adult-like gait pattern3. Gold standard gait analysis methods 
successfully developed and applied in several gait laboratories 
involve a multi-camera motion capture system and force plate 
with the capability of measuring ground-reaction forces4-6. 
While these gait analysis methods provide detailed information 
on kinematic and kinetic variables, the data acquisition systems 
are limited to laboratory use and require expensive equipment 
with lengthy setup and post-processing times7,8.

An alternative gait analysis method involving the use of 

wearable inertial sensors has shown great prospects in the 
last two decades9,10. Sensors and recording equipment are rel-
atively compact, portable, and less expensive compared with 
traditional laboratory-based and can be used to collect data 
on human movements, such as spatiotemporal gait variables, 
in environments and contexts where the use of traditional 
equipment is not possible. This method has been validated 
for gait analysis in children with typical development and 
those with cerebral palsy as well as healthy subjects, elderly 
subjects, and patients with Parkinson’s disease11-15. In the 
evaluation of spatiotemporal gait variables, motion sensors 
are worn or attached to various parts of the volunteer’s body, 
such as the lower back, ankles, foot, and waist9,16. There 
are different types of motion sensors and systems, such as 
accelerometers, gyroscopes, and magnetoresistive sensors. 
A single type or combined sensor system with multiple 
types of sensors can be used for the analysis of the gait. An 
accelerometer is a type of inertial sensor that measures ac-
celeration along its sensitive axis. Acceleration is measured 
electrically using physical changes in the displacement of 
the proof mass attached to a mechanical suspension system 
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in relation to a reference frame9.
A gyroscope is an angular velocity sensor and is based on 

the measurement of force proportional to the angular speed 
of rotation in a rotating frame. For example, a gyroscope 
attached to the feet or legs enables the determination of 
angular velocities and angles during gait, which can assist 
in the reorganization of the various gait phases, which is 
usually combined with an accelerometer to achieve a more 
complete initial sensing system. Magnetoresistive sensors 
are based on the magnetoresistive effect that can estimate 
changes in the orientation of a body segment in relation to 
the magnetic North or the vertical axis. Such sensors provide 
information that cannot be determined by accelerometers or 
the integration of gyroscope signals9.

The present systematic review aimed to summarize studies 
in which gait analysis was performed with the aid of inertial 
sensors to determine whether these tools use practicality, a 
variety of information about different temporal spaces in 
children during locomotion and shows the types of conditions 
that are analyzed using inertial sensors in clinical practice.

Methods

Protocol and registration

This review was conducted in accordance with the 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA statement) and is registered in the 
PROSPERO database (CRD42017079882). 

 Data sources and search strategy

The MEDLINE (PubMed), EMBASE, Cochrane Library, 
and PEDro databases were searched for relevant articles using 
the Medical Subject Headings (MeSH) of the U.S. National 
Library of Medicine. The following terms were used for the 
literature search: ‘infant’, ‘child’, ‘children’, ‘adolescent’, 
‘walk’, ’walking’, ‘locomotor’, ‘gait’, ‘sensor’, ‘gyroscope’, 
‘inertial’, ‘acceleration’ and ‘accelerometer’. Specifically, 
for inclusion in the present review, papers were required 
to have the terms (‘infant’ OR ’child’ OR ‘children’) AND 
(‘walk’ OR ‘walking’ OR ‘locomotion’ OR ‘gait’) AND 
(‘sensor’ OR ‘gyroscope’ OR ‘inertial’ OR ‘accelerometer’ 
OR ‘acceleration’) in the title and/or abstract [appendix]. 
In addition to the systematic electronic database search, a 
targeted search of the bibliographies of relevant articles was 
also performed to identify any further studies for inclusion. 
In addition, the reference lists of included studies were 
manually searched to identify further potentially relevant 
published papers. The authors did not obtain any kind of 
support or funding to perform this process of searching and 
extracting data.

 Study selection

Two independent researchers analyzed the title and 
abstract of the articles retrieved during the search of the 
databases. When insufficient information was found in the 
title and abstract to make a decision regarding eligibility, the 
full text was read. Pre-selected articles were submitted to 
full-text analysis to determine inclusion in the review based 
on the eligibility criteria. In cases of divergence of opinion 
or doubts regarding the relevance of the article, a third re-
searcher analyzed the text in question to reach a consensus.

Eligibility criteria

The following inclusion criteria were randomized con-
trolled clinical trial or cross-sectional study (no restrictions 
were imposed regarding the date of publication or language), 
involving children (< =12 years of age) submitted to gait 
analysis using wearable inertial sensors. The exclusion cri-
teria were case study, cohort study, review study, pilot study, 
protocol study, individuals > 12 years of age.

Quality assessment

The pre-selected non-randomized trials were submitted to 
an appraisal of methodological quality using the Risk of Bias 
In Non-Randomized Studies of Interventions (ROBINS-I)18 
to investigate the robustness of the results regarding each of 
the ‘risks of bias’ components. For cross-sectional studies, 
the Appraisal Tool for Cross-Sectional Studies (AXIS scale) 
was used19. The classification of the studies was performed 
by two independent researchers (R.C.F.M. and C.S.O.) 
blinded to the objectives of the present review. In cases of a 
divergence of opinion, a third researcher made the decision 
regarding the score. 

Results

Three hundred twenty articles were retrieved from the 
databases and other sources searched. After the analysis 
of the titles, abstract and complete texts, and the quality 
appraisal using the ROBINS-I and AXIS scale (Table 1), 
only fourteen articles met the eligibility criteria. Figure 1 
displays a flowchart of the selection process.

Study design and methodological quality

The studies included in this review used different types 
of portable inertial sensors to observe or identify differences 
in gait variables among healthy individuals and/or those 
with a disease during locomotion activities. 

Three nonrandomized studies21-23 were found. After 
assessment of methodological quality by the ROBINS-I 
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scale, showing strengths in the bias categories after the start 
of interventions (last four categories), such as deviations 
from intended interventions, missing data, measurement 
of outcomes, and selective reporting of results. However, 
the three studies failed to adequately address baseline con-
founding before the interventions began, presenting biases 
such as the use of a convenience sample with different group 
sizes21, a lack of similarity regarding baseline prognostic 
factors and type of intervention22, and time-varying con-
founding due to the switch between interventions compared 
between individuals23.

Twelve cross-sectional studies were included in this 
review11,13,17,20,24-30. The reliability of these studies was 
considered good on nearly all items of the AXIS scale, 
with suitable systematic interpretations and appropriate 
evaluations. Sample size justification is crucial, as sample 
size profoundly affects the significance of the outcomes of 
a study. Three cross-sectional studies11,27,26 either did not 
present a detailed description of the population or had a 
small sample without describing the methods used to de-
termine the sample size. Therefore, the conclusions drawn 
from these studies may be inaccurate.

Types of pediatric conditions analyzed with 
wearable inertial sensors

Gait analysis with the use of wearable inertial sensors 
was performed in a hospital setting26,30, outpatient clin-
ic11,13,17,21,23-25,28,29 and a familiar environment20,27, with healthy 
children11 divided by age group17 and sex20, children with 
prelingual deafness22, Duchenne muscular dystrophy24, id-
iopathic toe walking27,28, spina bifida13 and cerebral palsy, 
including those with unilateral or bilateral spasticity23,25,29, 
hemiplegia30, diplegia, dystonia26, and ataxia21.

Besides movement analysis of the lower limbs during 
gait, some studies also assessed the use of wearable iner-
tial sensors to distinguish patients with different levels of 
functional status17,21,22 and stages of disease progression24 

or to compare different therapeutic gait interventions26,23.

Sensor type and placement

Several types of inertial sensors were used to evaluate 
the quantitative gait variables in children. Seven studies 
included in this review used complete inertial measure-
ment units consisting of accelerometers, gyroscopes, and 
magnetometers11,13,17,20,23,25,29. Three studies used acceler-
ometers and gyroscopes22,24,26. Three studies only used an 
accelerometer21,27,28 and one study only used a gyroscope30.

Similarly, different protocols were described regarding 
the placement of the wearable sensors. Among the 15 studies 
included, nine used more than one inertial sensor on the 
body11,13,17,20-22,25,26,30. Eleven studies reported placing a wear-
able sensor in either the lumbar or sacral region11,13,17,23-27,29. 
Four studies placed wearable sensors on the feet11,22,28,30. 

Three studies placed wearable sensors on the legs21,26,30. 
Two studies placed wearable sensors on the ankles17,13 and 
three studies placed wearable sensors on the shins11,24,30. 
Some studies placed an inertial sensor in locations far 
from the lower limbs, such as the head, sternum, chest, and 
wrist13,17,20,21,25. However, the aims of these studies included 
an evaluation of upper body acceleration in the participants. 
Table 2 displays details on the studies included in this review, 
including the specific type and placement of the sensors.

Gait assessment procedures

Three studies used wearable sensors to assess walking 
during clinical tests, such as the TGMD-2 locomotion 
subtest, which consists of six tasks (run, gallop, hop, leap, 
horizontal jump and slide)17, 10-meter walk test13,24, Timed 
Up and Go test, Obstacles test and Curb test13. Other studies 
used the wearable sensors during assessments of straight-
line walking at a self-selected pace31 with distances of 
five23,29, six21, seven11, ten22,25, and fifteen meter27. In the 
study by Chen et al26, the distance was delineated by an 
exact number of consecutive steps to be performed (30 
steps). Pendharkar et al28 evaluated each child walking on 
a treadmill for two minutes. 

Gait variables obtained with wearable inertial sensors
The studies included in the present review reported 

multiple outcomes of kinematic gait assessments calcu-
lated from the signals provided by the wearable sensors. 
The most commonly-reported quantitative variables were 
anteroposterior (AP) acceleration13,17,20,25-26,28,30, mediolat-
eral (ML) acceleration13,17,20,25,28,29, vertical (V) accelera-
tion13,17,20,25,28,29, angular velocity on the AP13,17,26,30, ML17,26 
or V axis26, gait velocity11,13,20,21-23,25,28,29, cadence in steps/
min13,23,24,29, swing duration, stance duration13,23,28, double 
support duration13,23,24, step time, count or length13,21,25,27,29 

and stride frequency, speed or length11,13,20,24,28. A summary 
of the studies reporting each of these outcome measures is 
provided in Table 2.

The processing of the gait data occurred simultaneously 
in all studies and all systems were able to handle the com-
plexity of processing such data in a short time. Algorithms 
were applied to evaluate the input data from the wearable 
inertial sensors. All but two studies13,28 described the data 
processing methods precisely as well as the estimation 
context to which the algorithms were applied. 

In all studies, data were collected wirelessly using 
customized software that automatically provided the 
variables. The sensor signals were amplified, low pass 
filtered to remove electronic noise, and transferred to a 
software program for analysis. A wide range of sampling 
frequencies was used to assess gait in the studies reviewed, 
with authors reporting sampling frequencies ranging from 
40 to 256 Hz and configured to collect data at a slower 
rate11,17,20,21,23-26,29,30 . Only one study had a frequency set to 
collect data at a moderate rate22. Three studies failed to 
report the sampling frequency13,27,28.
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Figure 1 -  Flow diagram of the inclusion process of the articles selection procedure.

Table 1 - Methodological quality and reporting of eligible studies.

ROBINS-I Tool

Study Bias due to 
confounding

Bias in the 
selection of 
participants 

into the study

Bias in the 
classification 
of interven-

tions

Bias due to 
deviations 

from intended 
interventions

Bias due to 
missing data

Bias in mea-
surement of 

outcomes

Bias in the 
selection of 

the reported 
result

Antunes 
(2016)23     

Serious Low Low Low Low Low Low

Schulleri 
(2016)21

Moderate Low Low Low Low Low Low 

Suarez (2016)22 Moderate Low Low Low Low Low Low
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Table 2 - Characteristics of studies included in systematic review (n = 15)

Author/year
/ study design

Participants Sensor type
(placement)

Compari-
sons to other 

methods

Measures Findings

Mazza (2010)20

Cross-sectional 
study

N= 30
15 =  healthy female 
group
(mean age: 9±1 yrs)
15 =  healthy male 
group
(mean age: 9±1 yrs)

Three units of 
tri-axial acceler-
ometer, triaxial 
gyroscope, and 
magnetometers
Freq: 100 Hz
Sacrum, C7 
intervertebral 
space and head

No comparison 
performed

Anteroposterior 
(AP) acceleration
Mediolateral (ML) 
acceleration
Vertical (V) accel-
eration
Stride frequency
Walking Speed

No differences were found 
between two groups in pelvis 
and shoulder acceleration RMS 
values. Conversely, lower head 
acceleration RMS values were 
found for females in both AP and 
ML directions. Both groups man-
aged to attenuate upper body AP 
and ML accelerations going from 
pelvis-to-head level, with higher 
attenuations found for females.

Antunes (2016)23

Crossover Trial
N= 20
10 bilateral spastic 
cerebral palsy (age: 
10.1±3.7 yrs)
10 healthy children
(age: 10.3 ± 4.36 yrs)

One unit of 
tri-axial acceler-
ometer, triaxial 
gyroscope, and 
magnetometers
Freq: 100 Hz
L5 intervertebral 
space

No comparison 
performed

Gait velocity [cm/s]
Cadence [steps/min]
Swing duration [% of 
gait cycle]
Rolling phase [% of 
gait cycle]
Double support 
duration [% of gait 
cycle]

Differences were found in both 
groups for all spatiotemporal vari-
ables, except for gait velocity. The 
percentage of the rolling phase and 
double support improved after the 
walk-trot task.

Schulleri (2016)21

Quasi-experimental 
clinical trial

n = 65
26 children and ado-
lescents with spastic 
or ataxic cerebral 
palsy (age: 9.8 ±4.5 
yrs)
39 with typical devel-
opment
(age: 10.0 ±4.4 yrs)

Four units of a 
tri-axial acceler-
ometer
Freq: 60 Hz
Both lower 
legs laterally, 
sternum and 
forehead

No comparison 
performed

Gait speed
Average step 
length

Head and trunk 
velocity sway

Deliberately light interpersonal 
contact applied to the apex of the 
head during walking results in the 
reduction of head velocity sway, 
reducing patterns of spastic or 
ataxic movements of the head.

Suarez (2016)22

Controlled clinical 
trial

n = 24 
(10–16 years old)
10 children using 
prelingual cochlear 
implants 
14 children with 
normal hearing

Three units of 
tri-axial accel-
erometers and 
gyroscopes
Freq: 256 Hz
Sacrum and on 
metatarsal of 
each foot

No comparison 
performed

Gait velocity Acoustic information generates 
slower gait in those implanted after 3 
years of age. Gait velocity was lower 
during a dual task in children with 
normal hearing than with children 
using prelingual cochlear implants.

Bisi (2017)17

Cross-sectional 
stud

n = 45
Children with typical 
development aged 
6-10 yrs; 3 groups 
of 15 children each 
divided by age:
6YC = 6-year-old 
children
8YC = 8-year-old 
children
10YC = 10-year-old 
children

One unit 
of tri-axial 
accelerometer, 
gyroscope, and 
magnetometers
Freq: 128 Hz
Lower back, 
ankles (above 
lateral malleo-
lus) and wrists

Standard 
assessment 
based on 
video-record-
ings by expert 
operators

(AP) acceleration
Mediolateral (ML) 
acceleration

Vertical (V) accel-
eration
Angular velocity on 
AP axis (ωAP)
Angular velocity on 
ML axis (ωML)

Automatic assessment based 
on wearable IMUs compared 
to standard assessment showed 
agreement higher than 87% on 
average in the entire group for 
each skill and reduction in time 
for scoring from 15 to 2 minutes 
per participant. 
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Author/year
/ study design

Participants Sensor type
(placement)

Compari-
sons to other 

methods

Measures Findings

Ganea. (2012)24

Cross-sectional 
study

n = 45
Enrolled in two 
groups:
25 ambulatory boys 
with Duchenne mus-
cular dystrophy aged 
5 to 12 years (8.04 
± 1.9)
20 age-matched 
(7.85 ± 2.48) healthy 
children (12 boys and 
8 girls)

One unit of  
uniaxial gyro-
scope and 
tri-axial accel-
erometer
Freq: 40 Hz
Shanks

No comparison 
performed

Stride length (SL)
Shank peak angular 
velocity (SPAV)
Stride velocity (SV)
Cadence (Cad)
Double support 
(DS)

Compared with healthy children, 
patients with Duchenne muscular dys-
trophy had significantly lower stride 
velocity and less smooth trunk move-
ment. When a group of patients was 
divided into mild and moderate based 
on Motor Function Measure, authors 
noticed significantly higher values both 
for cadence and stride velocity as well 
as improved trunk smoothness in mild 
versus moderate group. Potential of 
such variables to distinguish between 
different disease states opens new 
perspectives for objective assessments 
of effectiveness of new therapies for 
Duchenne muscular dystrophy

Summa  (2016)25

Cross-sectional 
study

n= 40
20 children with 
cerebral palsy
(Age 5.70 ± 2.27 
years, range 2–9 
years)
20 children with 
Typically developing 
(Age 5.85 ± 2.18 
years, range 2–9 
years)

Three units 
of tri-axial 
accelerometer, 
gyroscope, and 
magnetometers
Freq: 128 Hz
Head level 
(occipital 
cranium bone), 
sternum level 
and on pelvis 
(sacrum-L5 
level)

No comparison 
performed

Anteroposterior 
(AP) acceleration
Mediolateral (ML) 
acceleration
Vertical (V) accel-
eration
Step length
Step frequency
Walking speed

Despite a significant reduction in 
acceleration from the pelvis to the 
sternum, children with cerebral 
palsy do not compensate for large 
accelerations, which are greater 
than in children with typical devel-
opment. The children with cerebral 
palsy had negative sternum-to-
head attenuations in agreement 
with documented rigidity of the 
head-trunk system observed in this 
population.

Chen (2017)26

Cross-sectional 
study

n= 46
14 Healthy adults
(24.2 ± 1.55 years)
10 Healthy children
(7.03 ± 1.49 years)
22 Children with 
cerebral palsy
(7.51 ± 2.96 years)

Three units of 
tri-axial  accel-
erometers
and gyroscopes
Freq: 100 Hz
Lower back 
(L2-L3) and on 
the middle of 
right and left 
thigh (semiten-
dinosus)

No comparison 
performed

Anteroposterior 
(AP) acceleration
Mediolateral (ML)
acceleration
Vertical (V) accel-
eration
Angular velocity on 
AP, ML and V axes

Compared with healthy subjects, 
symptoms and severity of motor 
dysfunction in cerebral palsy chil-
dren could result in abnormality of 
gait acceleration modes, and the pro-
posed assessment method was able 
to effectively evaluate the degree 
of gait abnormality in children with 
cerebral palsy.

Zollinger  (2016)
Cross-sectional 
study

n = 20
10 unilateral cerebral 
palsy
(14.2 ±1.7 years)
10 typically devel-
oping
(14.1 ± 1.9 years)

Two units of 
tri-axial accel-
erometers and 
gyroscopes
Freq: 100 Hz
Lower part 
of back, (L3 
vertebra region) 
and on instep of 
foot of subject

No other 
comparison 
performed

Mass center accel-
eration
Three dimensional 
accelerations of foot

Evaluation of inertial sensor gait 
pattern revealed that treadmill 
training induced mechanical changes 
almost identical to overground walk-
ing in both groups. with exception 
of potential and kinetic vertical and 
lateral mechanical works, which are 
both significantly increased in over-
ground - treadmill transition only in 
unilateral cerebral palsy.

Christensen 
(2017)27

Cross-sectional 
study

n = 75
Children with diagno-
sis of idiopathic toe 
walking aged 3-13 
years; divided into 
two groups by age:

2-to-5-y-olds = 
456-to-13-y-olds 

= 30

One unit of 
uni-axial accel-
erometer
Freq: Not 
reported
Waist

Video obser-
vation

Step counts Significant difference in accelerom-
eter scores and test pitch for children 
2 to 5 years old; no significant differ-
ence found among 6-to-13-year-olds.
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Author/year
/ study design

Participants Sensor type
(placement)

Compari-
sons to other 

methods

Measures Findings

Lanovaz (2017)11

Cross-sectional 
study

n = 10
Typically developing 
children
(mean age: 5.1 years, 
range: 3.0 to 8.3 
years)

Six units 
of tri-axial 
accelerometers, 
gyroscopes, and 
magnetometers
Freq: 128 Hz
Dorsal side of 
both wrists, 
sternum close 
to clavicular 
notch, lower 
back (L4/L5) 
and on the 
front side of 
shins close to 
malleoli

3D motion 
capture system

Stride time
Stance time
Stride length
Stride velocity
Walking velocity

All spatiotemporal variables evaluat-
ed showed good agreement between 
the two systems.

Pendharkar 
(2012)28

Cross-sectional 
study

n = 20
(mean age: 8 years; 
mean weight: 25 kg)
10 healthy children.
10 children with idio-
pathic toe walking

One unit of 
dual-axis accel-
erometer
Freq: Not 
reported
Heel of boot

No comparison 
performed

Stance phase
Swing phase
Number of strides
Walking speed
Vertical acceleration
Horizontal acceler-
ation
Gravitational accel-
eration

Foot angle during mid-stance ranged 
from 36º to 11.5º in children with 
idiopathic toe walking, but foot 
stance angle was approximately zero 
in normal children.

Saether (2014)29

Cross-sectional 
study

n = 70
41 spastic cerebral 
palsy
(11.7 ± 3.8 years)
29 typically develop-
ing children
 (10.3 ± 3.6 
years)

One unit 
of tri-axial 
accelerometer, 
gyroscope, and 
magnetometer
Freq: 100 Hz
Lower back 
(over L3 
region)

No comparison 
performed

Trunk acceleration 
(Anteroposterior 
(AP), Vertical (V) 
and Mediolateral 
(ML)
Gait speed
Cadence
Step time
Step length

Gait variables related to balance (AP, 
ML, and V accelerations) were higher in 
children with CP and increased with an 
increase in GMFCS level. Differences 
in acceleration in AP and V directions 
increased between children with CP 
and TD children with increase in speed. 
Asymmetry in trunk acceleration differed 
significantly between two groups in 
all three directions (z-scores between 
0.8 and 1.8 higher in CP group), while 
inter-stride regularity differed only 
slightly between children with CP and 
TD children and only in AP direction. 
Gait characteristics also differed between 
children with unilateral and bilateral 
spastic subtypes of CP for acceleration 
and asymmetry in AP and ML directions.

Sivarajah (2017)13

Cross-sectional 
study

n = 30
15 children with spi-
na bifida or cerebral 
palsy (mean age: 7.9 
± 3.1 years, 8 males)
15 typically develop-
ing children (mean 
age: 8.2 ± 3.2 years, 
8 males)

Six units 
of tri-axial  
accelerometer, 
gyroscopes and 
magnetometers
Freq: Not 
reported
One sensor on 
each ankle and 
wrist, one on 
lower back and 
one on upper 
chest

No comparison 
performed

Stride length ROM of 
trunk on horizontal, 
sagittal, and frontal 
planes (degrees)
Peak angular velocity 
of trunk on sagittal 
plane
Peak velocity of 
trunk on horizontal, 
sagittal and frontal 
planes (degrees/
second)
Cadence (steps/min)
Double support 
(percentage of gait 
cycle)
Swing and stance 
asymmetry 
Number of steps

On 10-Meter Walk Test, group 
differences were found in horizontal 
and frontal trunk range of motion, 
horizontal trunk velocity and swing 
asymmetry. Children with spina 
bifida or cerebral palsy took signifi-
cantly longer to turn during Timed 
Up and Go Test. These five variables 
together distinguished the groups.
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Discussion

 Based on the appraisal of the methodological quality of 
the articles included, overall scientific reporting in this field is 
largely of adequate quality. However, the information united 
in this review was produced by different experimental designs, 
which leads to distinct data. The papers lacked details concerning 
the representativeness of the study population, the approaches 
adopted to identify and account for confounding variables, and 
appropriate justification for the chosen sample size. This does 
not mean that the authors did not consider some or all of these 
factors, but rather suggests that these aspects require greater 
attention in the reporting of future research.

All studies reported accuracy in the gait evaluations using 
wearable inertial sensors. However, only three studies compared 
their results to other techniques, such as a video-based motion 
capture system11,17. The detection of accuracy using algorithms 
for inertial measurement units with a gyroscope and magnometer 
was higher than that using algorithms based on accelerometers 
alone. None of the studies reported measurements errors asso-
ciated during the analysis of lower limb movements.

The choice of the sensor was not correlated with either the 
variables evaluated or the application. The sensors were mostly 
placed on the lower limbs. The choice of the body region for the 
placement of a sensor is of extreme importance to the expected 
objective of the analysis. The literature reports a variety of 
variables collected using inertial sensor-based motion analy-
sis, such as angular and temporal variables of the trunk, upper 
limbs, and head, which are used to quantify various movement 
disorders, such as trunk control, balance and angular position 
of the head and arms during gait32,33. In summary, there are no 
clinical practice guidelines for reporting the application of the 
use of inertial sensors, which hinders the comparison of results 
from different studies and overcoming problems that may occur 
(such as data processing or the study of biomechanical variables).

There are very few reports of difficulties during the test 
protocols performed with inertial sensors. The majority of 
children were willing to wear the inertial sensors during the 

gait assessments. In only one study13, a two-year-old child with 
cerebral palsy did not want to use the sensors and therefore did 
not complete the study, but no explanation of why was given. 
It, therefore, appears that inertial sensors constitute a feasible 
tool for gait evaluations in the pediatric population and can be 
attached to different body segments. The degree of accuracy 
and reliability reported in the studies included in this review 
suggests that these sensors can be used for the repeated mea-
surement of specific movements in different contexts, such as 
non-hospital and non-laboratory settings (private homes or 
clinics)11,13,17,20,21,23-25,27-29 with a significant advantage associated 
with the unbiased results compared to the qualitative estimates 
of a therapist32. Inertial sensors can also be used to complement 
gold standard measures (multi-camera motion capture system 
and force plate).

The application prospects of wearable inertial sensors in 
different types of pediatric conditions were explored in this 
review, as we can see in table 2. Such sensors constitute a 
useful tool in both clinical practice and biomechanical research 
involving children with typical development and those with 
neurological and/or muscular diseases, such as muscular dystro-
phy and cerebral palsy. The experimental results of the studies 
analyzed herein suggest that wearable sensors are effective for 
the evaluation of quantitative gait variables in children with 
different pediatric conditions, enabling an objective analysis 
that should prove useful in processes of clinical diagnosis and 
rehabilitation. Mannini et al33 demonstrated that automatic 
classification employing signals from inertial sensors obtained 
during gait can also be used as a support tool in the differential 
diagnosis, assisting in improving diagnostic accuracy in cases 
of coordination impairment in children.

Several limitations should be considered when interpreting 
the results of this review of the literature. Firstly, given the 
relatively small number of studies published on this topic, it is 
difficult to make strong recommendations regarding the most 
appropriate equipment, sensor placement, and outcomes for as-
sessing gait in children. Second, the outcomes of this systematic 
review show a lack of standardization in reporting the methods 

Author/year
/ study design

Participants Sensor type
(placement)

Compari-
sons to other 

methods

Measures Findings

Taborri (2015)30

Cross-sectional 
study

n = 20
10 children with 
hemiplegia
(7.8 ± 2.8 years)
10 children with typi-
cal development
(9.5 ± 2.0 years)

Two units of 
uni-axial gyro-
scopes
Freq: 50 Hz
Foot and shin 
of the dominant 
leg for typically 
developing 
children and 
on the more 
affected leg 
for hemiplegic 
children

No comparison 
performed

Angular velocities 
on sagittal plane of 
shin and foot

Adequacy of classifiers was evaluat-
ed using receiver operating charac-
teristics. Good to optimum results 
for all classifiers examined, with the 
best performance for the distributed 
classifier in two-phase recognition. 
Differences were found between gait 
partitioning models, while no differ-
ences were found between training 
procedures with the exception of 
shin classifier.

Abbreviations:  YC: year-old children; IMUs: inertial measurement units; Freq: sampling frequency of wearable sensor; ROM: range of motion
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and results of evaluations involving adaptive algorithms for the 
determination of spatiotemporal gait variables. Such aspects 
need to be evaluated given the encouraging results of the papers. 
Third, this systematic review did not address the reliability of 
analytical algorithms for gait kinetics. Future studies should give 
careful consideration to the internal and external validity of the 
methods employed as well as the detection accuracy and delay of 
the different types of wearable sensors used in clinical practice.

Conclusion

Wearable sensors are potentially useful for the study of gait 
patterns in children, including compensatory patterns, and can 
be used to support therapists and physicians in the design of in-
novative intervention protocols and monitoring the effectiveness 
of such protocols in terms of improvements in gait. Wearable 
sensors constitute a light-weight, portable, affordable alternative 
to more expensive three-dimensional motion analysis systems 
and are effective at detecting changes in children’s gait.
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 a. AXIS tool for the critical appraisal of Cross-sectional studies.
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Introduction

1 Were the aims/objectives of the study clear?

Methods

2 Was the study design appropriate for the stated aim(s)?
3 Was the sample size justified?
4 Was the target/reference population clearly defined? (Is  
it clear who the research was about?)
5 Was the sample frame taken from an appropriate popula-
tion base so that it closely represented the target/reference 
population under investigation?
6 Was the selection process likely to select subjects/par-
ticipants that were representative of the target/reference 
population under investigation?
7 Were measures undertaken to address and categorise 
non-responders?
8 Were the risk factor and outcome variables measured 
appropriate to the aims of the study?
9 Were the risk factor and outcome variables measured 
correctly using instruments/ measurements that had been 
trialled, piloted or published previously?
10 Is it clear what was used to determined statistical signif-
icance and/or precision estimates? (eg, p values, CIs)
11 Were the methods (including statistical methods) suffi-
ciently described to enable them to be repeated?

Results

12 Were the basic data adequately described?
13 Does the response rate raise concerns about non-re-
sponse bias?
14 If appropriate, was information about non-respond-
ers described?
15 Were the results internally consistent?
16 Were the results for the analyses described in the meth-
ods, presented?

Discussion

17 Were the authors’ discussions and conclusions justified 
by the results?
18 Were the limitations of the study discussed?
Other
19 Were there any funding sources or conflicts of interest 
that may affect the authors’ interpretation of the results?
20 Was ethical approval or consent of participants attained?

Search strategies (model)
MEDLINE and PubMed

1 infant 
2 child
3 children
4 or/1-3
5walk
6 walking
7 locomotion
8 gait
9 or/6-8
10 sensor
11 gyroscope
12 inertial
13 accelerometer
14 acceleration
15  or/10-14
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