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Abstract. The widespread use of ubiquitous computing has led to peo-
ple spending more time in front of screens, causing poor posture. The
COVID-19 pandemic and the shift towards remote work have only wors-
ened the situation, as many people are now working from home with
inadequate ergonomics. Maintaining a healthy posture is crucial for both
physical and mental health, and poor posture can result in spinal prob-
lems. Wearable systems have been developed to monitor posture and
provide instant feedback. Their goal is to improve posture over time by
using these devices. This article will review commercially available, and
research-based wearable devices used to analyse posture. The potential
of these devices in the healthcare industry, particularly in preventing,
monitoring, and treating spinal and musculoskeletal conditions, will also
be discussed. The findings indicate that current devices can accurately
assess posture in clinical settings, but further research is needed to val-
idate the long-term effectiveness of these technologies and to improve
their practicality for commercial use.

Keywords: postural analysis - wearable technology - commercial de-
vices - spinal posture.

1 Introduction

Having poor posture can affect both physical and mental health. Poor posture
can lead to physical discomforts, such as back pain, neck pain, and shoulder pain,
which can affect productivity. It can also lead to poor circulation and decreased
oxygen intake, leading to fatigue and difficulty concentrating. Mentally, poor
posture can affect self-esteem and confidence. Standing or sitting with poor
posture can give off the appearance of being unconfident or disinterested, which
can negatively impact social interactions and opportunities. Poor posture can
also lead to poor sleep quality, as it can cause discomfort and difficulty finding
a comfortable position. In addition, poor posture can lead to long-term health
problems, such as arthritis, osteoporosis, and degenerative joint diseases, which
can significantly impact the overall quality of life. Therefore, poor posture can



2 Narges Pourshahrokhi, Yitong Sun, and Ali Asadipour

have significant negative impacts on both physical and mental health, and it is
important to strive for good posture in order to avoid these disadvantages [33,
51,16, 52].

Moreover, the term “posture” is often used in the context of sports and fit-
ness, and health but the definition of this term can be quite vague and subjective.
There are a variety of different factors that can contribute to poor spine pos-
ture, including muscle imbalances, poor core stability, and improper technique.
This lack of clarity makes it difficult for coaches, athletes, medical experts, and
researchers to accurately identify and correct poor spine posture, which can
negatively impact performance and overall health.

One of the main challenges with defining poor spine posture is that it can vary
depending on an individual’s body type and physical abilities. Some individuals
may have naturally fine spine posture due to their physical structure and muscle
balance, while others may struggle with poor spine posture due to previous
injuries or other physical limitations. This means that what constitutes poor
spine posture for one person may not necessarily be the same for another, making
it difficult to establish a clear and consistent definition.

Another issue with the definition of posture is that it can be influenced by
a variety of different factors. For instance, poor spine posture can caused by
muscle imbalances, where certain muscles are overdeveloped while others are
underdeveloped. This can lead to poor alignment and stability, which can make
it difficult to maintain good spine posture. Additionally, poor core stability can
also contribute to poor spine posture, as the core muscles play a crucial role in
maintaining proper alignment and balance.

The definition of posture can vary depending on the specific activity in which
it is being applied. For example, in sports such as tennis, a good spine posture
might involve a wide stance and a bent knee in order to generate power and
control on shots. In contrast, the office working environment posture can be
defined as the angle that hands make while resting on the table or the angle of
the neck while looking at the screen.

It is crucial to identify poor posture early and maintain good posture to
prevent injuries and the development of spinal disease. In medical field, hu-
man posture is assessed by the Bath Ankylosing Spondylitis Metrology Index
(BASMI) using a measuring tape and goniometers to obtain the measurements.
Incorrect use of the instruments, erratic or compensatory movements of the sub-
ject or observation errors can appear, which can cause a lack of accuracy and
reproducibility [45,11,43]. On the other hand, the spine and sacroiliac joints cre-
ate complicated motions that cannot be analysed using the BASMI approach.
As a result, it is critical to research and develop new technology-based posture
estimation techniques that can assess joints directly with acceptable accuracy,
repeatability, and sensitivity to changes in information over time.

The human spine consists of 33 individual vertebrae separated by interver-
tebral discs and grouped into five regions: the cervical, thoracic, lumbar, sacral,
and coccygeal regions. Each vertebra has a unique shape and size, with the cer-
vical region having smaller and more mobile vertebrae than the lumbar region.
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As shown in Figure 1, the cervical spine is the portion of the spine within the
neck, and consists of 7 vertebrae (C1 to C7).
The 12 thoracic vertebrae (T1 to
T12) are contained within the rib cage,
and each vertebra articulates with a rib.

These are far less mobile, and this more e ';?«
rigid structure of the thoracic spine pro- ey 3 vertebrac
vides the necessary support for the vi- & ‘1{‘;
tal organs contained in the chest (heart %z % t:;
and lungs). The lumbar spine is the low- T TRX
est mobile segment and is commonly b Y,QQ oracic
referred to as the lower back. It has 5 b - ,:Q vertebras
vertebrae (L1 to L5), and these are the e :::\\
largest vertebrae in the spine as they T2 ! S
have the greatest load to bear. toi B
Optical marker-based devices are a
widely used technology for tracking mo-
tion and evaluating spinal mobility, but
they have certain limitations in clinical
settings due to their high cost, indoor-
only capabilities, and need for specific
equipment and conditions [21, 4, 6]. Re- Y. .

searchers have attempted to overcome
these issues by using technologies such
as inertial measurement unit (IMU) to ¥ig-1. Human Spine labelled with the
create wearable capture devices for hu- JOMS name and group

man posture modelling [36, 75,17, 20].

These wearables are more cost-effective

and can be used in any location without

the need for a complex setup.

Wearables are also widespread in the industrial and commercial markets for
assisting users in improving their quality of life. For instance, they provide con-
tinuous and personalised health monitoring, physical activity, and vital signs
while offering features like stress tracking, GPS tracking, and hands-free access
to notifications and calls. Wearable devices for tracking spinal disorders during
daily activity as an indication of health status are a trending venue for health-
care. With 239 million units in demand worldwide and over 1.2 billion devices
expected to be in use by the end of 2025, with yearly sales approaching 400
million units in the year, the market forecast for wearables is optimistic [3, 59].
Therefore employing wearables for spinedisorder and correction feedback appears
promising from a business perspective.

The introduction of new wearables and new sensor technologies has dramat-
ically exceeded the limitations of traditional data capture methods, making it
possible to acquire significant amounts of data[57]. However, with emergence of
more complex data and gradual sharing of various clinical data sets, the sam-
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ple size and potential predictor variables can exceed tens of thousands [44].
Traditional data analysis methods can no longer cope effectively, so alternative
methods (e.g. complex data analysis) are needed to process such large amounts
of information. Moreover, the fact that humans often present a much more com-
plex posture in everyday life than in experimental settings has led to the validity
of some of the datasets being questioned in practical applications [49]. As a re-
sult, one of the most critical challenges today is consistently collecting valid data
over extended periods in complex environments outside the laboratory.

Machine learning (ML) has been shown to outperform classical computa-
tional methods in various tasks, including big data processing, data prediction,
posture perdiction and object detection, thanks to rapid development of Artifi-
cial Intelligence (AI) field [30,5]. A subset of ML, Deep Learning (DL), has led
to significant advances and accuracy improvements in 2D human posture esti-
mation tasks based on images and single-frame sequences [46]. The use of ML-
derived algorithms and data models can enable the faster conversion of diverse
and large databases into low resource-consuming applications on low-cost devices
(e.g., smartphones, tablets, laptops) [62,34], save significant manual time, and
circumvent potential errors caused by humans to aid faster and more accurate
real-time decision-making.

Furthermore, some studies have used multi-stage classification models to im-
prove the recognition of complex postures. These models have achieved satisfac-
tory accuracy rates in specific pose acquisition and localised body recognition.
However, there are still significant limitations in full-body generic pose acqui-
sition and in collecting data in complex environments in the real life. Several
studies on postural assessment have also been developed. Wu et al.[77] proposed
three criteria, namely joint angle, arm orientation and type of joint motion, that
could be used to assess the forearm and upper arm. Khachai et al.[25] proposed a
postural description language to redefine human posture and assess whole-body
motion. However, they are difficult to assess quantitatively for non-standard
body parts and have not been applied to a generalised postural assessment of
the whole body. Meanwhile, ethicists have also raised risks and concerns about
using ML for individual assessment and decision-making [39, 15, 65]. The risks
are not only limited to a widespread lack of transparency in the data sets used for
modelling, but the credibility of the decisions made cannot be validated as there
is no uniform standard for posture assessment. The purpose of this systematic
review is to carefully review and compare the recent advances and shortcomings
in the use of wearable devices for estimating spinal posture, and to identify areas
for further research and development. The specific research questions considered
are as follows:

— RQ1. What are the recent studies and commercial wearable devices for
Musculoskeletal posture detection ?

— RQ2. Are these wearable devices practical in a real-world setting?

— RQ3. What are the limitations of the devices that capture human Muscu-
loskeletal posture ?
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— RQ4. What are the data analysis methods used for estimating Musculoskele-
tal posture ?

— RQ5. How can ML techniques contribute to estimating and assessing human
Musculoskeletal posture ?

2 Method

PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers and other sources

Identification of studies on posture detection usina wearables Identification of commercial devices for posture detection
Records removed before
5 screening: :
5| | Records identified from*: Duplicate records Records identiied from:
2 D (n=2343) (n=154) (n=35)
s Removed for publication
= year
(n=762)
Records screened Records excluded: Records screened Records excluded
(n=1427) Gesture detection only (n=35) (h=22)
(n=1121)
Non spinal posture
(n=38) ]
Reports sought for retrieval Reports sought for retrieval
2| | (n=268) (n=13)
=
8
3 : I
Reports for Reports excluded:
eligibility Primarily results :??g:}ffy for Reports excluded:
(n=268) (n = 46) (ngz 13) Discontinued devices
Non experimental (n=2)
(n=188)
Studies included in review
3 (n=30)
El Commercial devices
2 included
- (n=11)

Fig. 2. PRISMA flowchart on academic and commercial wearable devices to estimate
spinal posture

For this systematic review, the Reporting Items for Systematic Reviews and
Meta Analyses Guidelines (PRISMA) were employed across five sources, namely:
PubMed, MEDLINE, EMBASE, Cochrane, and Scopus. Following a general
screening with a list of suitable key phrases, the final selection of key search
terms was taken from pre-established headings on the OVID Medline (Med-line)
database. Among the key search phrases were: (“human spine posture”) AND
(“recognition” OR “estimation” OR “evaluation” OR “capture”) AND (“artifi-
cial Intelligence” OR “machine learning” OR “deep learning”) AND (“wearable”
, “sensor”). Spelling variants and synonyms were included and updated for each
database as needed. Figure 2 depicts the PRISMA flow chart. The search results
were limited to studies that met the following inclusion criteria:



Narges Pourshahrokhi, Yitong Sun, and Ali Asadipour

[zz] o18ue worxory

[1hpeq
Suryonors pue peqUIUNE]
sApuods SursopAyuy

[g¥] syred &poq
JUDIDJIP JO suoryejor remsuy

ouids ayy jo
amyeand or) sjuesardor 0}

JuataInseaut
of3ue norxe Jo SR UL

guoIsIoA 1099uny| s Surreduro))

Lovamooe
TOTJROYISSE[D PUE ‘9IURISIP

SUIPUNOQ TOMO] TN : DLT)O]Y

SI0LID ON[OSqR

WU OR[N ‘SIUSUIINSEaT
Poseq-U011RATDSqO )M Sutredwoy)

UOIINIISUOdAT Ul dmysod
PV puR g Ul PaINSLaul sem

so[Sue UOIRIUOLIO SULINSES]\ [OPOW [BIIYRWAJLU DY} WOJ J0IIF

[8€]4poq oty jo suoryeooy
[e0O13LI0 JO so[Sue Sury[ry AT,

JUNI) paxap pIemiof
QATIR[ITUMD JO PIOYSAIYT,

[e] ueys pue ‘S

‘Apoq oy Jo sa[Sue yul[ sy}
Fursn enbaoy qurol Suryewnysyy
62 p¢]

(INOY) wonoIy jo

aSuey oy} Jo afejusdied pue
‘ouerd Tey)1Ses oty ur uUNY

[69] odeys
Jstem oy pue £poq toddn
oY) ul £31aRIS Jo I9jued AT,

[8€] 9s0a wo (Jod €) NI
o[3uts woij se[sue L],

[17] or8ue orjoyday
91} JO JUIWAINSLON

loz] 4q

paaidsut £pnjs jo1 o[Sue
PIeOq B[QOM U B[SUE UL}
S)USAINSLIU TRNFUR I[N
Apmyg ot

‘(WOY) uoyou jo afuex

09 2A1IR[A1 UoIjRSUO[e a8Nes
urea)s jo o8euoId g

[61] 3509 uomeprEA
Sursn uorjewIojsuLI) A[3uUR

Su1y[1} ) JO IOIIS WNWIXRW YT,

(1a0) xopur Anmqesiq
A13s9M8(0) U} Y34 UOTFRIRAY

denoy ¢ yym Sutredwo)

[301 213 NINTS 03 pereduioy

woysAs [eorydo oy ym Surreduroy)

afewl ArI-Y WOIJ S9)RUIPIOOD

Apoq Surpuodse1100 0} pereduioy)

poyjaur

pesodoad £q penduiod 10110 a[Suy

dnjos orureudp ur 9d1ApP
uoyjour [eorydo pue‘dn gos oryess

ur eeym Surjejox ym Surreduoy)

(Adoosozony oopra)
sisA[eue uorjour
paseq-1ayrewt Yim Surreduwon)

[oRq I9MO[ JO DINRAIND AT, [RUSIS 9OUIIDJAX TITM 101D DIRUIIIST]

J[esyt eanysod wey) IOYYRI 91008 (RIS
Apiqes)) weysAg uo pasnooy

worjeurryoldde 91880188y ofjoquig

soInedy
IenSue o paseq SUOIXAY I9p[noys pue
[una) aanseaw o} uorjenbe ue

JOLIO SATJRINUIND

POINSLAW 011D WNWNXRUL

QOURRAWI DUIASR] [IIM SUI[[OIIU0D
JUOUIOINSEIUI DYRLIRAOD

JuodWDISE JO SHWIT UeW)[y pueg
‘UOIYR[OLIOD UOSILDd ]

‘roxag] TeotdA T, sunydof] [[IM

a[Sue qurio

JO UOTYRUITISd Ul 10110 A[fue

QOUAIDYIP WSl pue
JUSIOYJO0D UOTR[AII0)

§97RUIP100D £pOq Jo anfea
10119 DATIR[NUIND BYT,

UOIYRUIOJSURI) TROUIT

SPOIJOUI UOTJRPI[RA PUR 9DIADD
posodoid wio0) so[Sue painsesaur UsIMIOq
9OUDTDHIP PUR UOITR[OLIOD

wo)sAs
JuaBI[ajul [eYIIIe paseq d130] Azzny

SHUIOUIAINSLOUL UL UOTJR[OLIO))

[euSis oouaIayeI
A I JUBIDFI0D
UOTIR[AII0D O]} SuLImseaun

A1ogeioqer]

A1o07RI0qRT

JUDWUOIATD
Sunjiom
poyemug

A107R10qRT

PloLT o) u

KL10yR10qRT

QUIOF]
/A&10yeroqery

A1oyeioqe]

KL1oyeroqery

KL1oyeroqery

KL10ye10qeT

A1o3eioqer]

Ar01R10qRT

oureSIoxa eIA

s Joeqpa9) SWI)-TRaY

Prqpos) i -eay]

9T oBQPa9Y SwI)-edl ON

0F [PRQPa9J SwI)-[eal ON

ouoydjrews v
JPRAPIIY dUI-[RIY]

wrere

i4 A1oyrpne ow)-[eay]

TT ¥PrqPad) Suy-[edl ON
 JORQPID] SWII-[2d1 ON

v_.ﬁﬁvw&
e 9[11OBIOIQIA SWTY-[RY

02 YOeqpad) awI)-[ed1 ON

0T PBQPa9Y dWI)-[BdI ON

prqpoa

L omoerorqia oumy-reoyy

SjoRqpasy

O smpoerorqua oum-eayy

Z1 ¥Oeqpa9joIq ouI}-[eay]

— YoRqpa9) SWIT}-[RdI ON

JsTRM

ourds requuny 10mof :
ourds oRIOYY :
ourds [ed1AT8D :

Jstem g wre toddn i

surds requn| Iomo[
07 oriIo) 1addn ur
IS 0} PIXIJe SIOSUDG

JsTRM 19T

JsTem ST ¢
(sseur jo o1juad) €1 =
4891 913 Jo S[pprut -
ourds [eDIAI9D JoMO] :

el I Y]

[0q 03 POYPEYY

IS '€ ¢ ‘LL T LD °T

e
usiyy :
ourds requumny :

s
U0y pue yorq 9y 0}
WMIS 10SUDS DATIONPUT

UIIM)D( SIOSUIS XD
‘mmaoes pue

outds requny toddp)
diy gyt g ‘diy yoi
{SSRUL JO 910
480t g

“oeu mofeq |
:Surure)uoo 9sop

3o 10MO)
yorq Toddn :T

preoq a[qqom g
‘pueq srem eiA
JUNI) 0} PaYPRIY

TS 01 €71

cr L

(10a 6) NI

(10a 9)
NN wuiyg

(10a 9)
NN duoydjrewrg

(10a 6) NI

(d0a €) NI

(10a 9 NN
[PSuesurdg

(10a €) NI
osueg THAVS

(10a 9) NI

10SUOS OATIONPUT

(d0a €) NNt
‘10su9s X[

(dod ) NI

JuauLIes jrews

NINT ssopa
S, UTRI}GOIDTN

a8nes urens
:prennApog

(10 €) NI

snoutds :g ‘10sues aAI)sisatozard

wnaoes 1T

poseq aIxa],

l02] L102
0 99 'S RIAIP[EA

l61] L1082
FLRZRSULT]

2] 2108

92 ‘N U¥eN

[12] 9102
‘D 32 ‘5 wAUIOA

[2€] 9102
w92t ur

lez] 9108
0 1 S IPOLD

[8¥] g108
v 92°s eunleAiy

leo] c102
‘w9 ‘o Tpreg

[29] v102
o 99° X eATUons T,

[92] v102
FERZINRITY

lov] 2108
‘0 92 ‘g norp

[ve] z10e
92 'y tefedon

leq] 2102
0 42 3] TRAINS,O

uorjIuyep aanjsoq

uorjepi[ea /uoryenfeary

POYIRIN SIsA[euy eje( jyuswruoaiauy syuedpipred jo #  weysAg yoeqposg

9sea9ju] jo uoiSey

Josueg

oouaIjoy

SSSSI[OT).IR POMIIAII WO 2WIO0IINO JO %.Hdaaﬁm ‘T 9a1qe L,



7

[e13i5es oy ur suids pue iy o) jo I0YR[MUILS D00 Y} WOIJ PIUTRIGO UOTIOUIT awdS Jo §1 19430 U0 OMT, [0¢] €202

Title Suppressed Due to Excessive Length

SOl (If Jo UONTMON oye[duro) pourtriojoperd oY} WOIJ [9A9] SO[SUR SULMSLUT UT UOTIRUIIISD 10115 103RI0qRT 1 Yoeqpooj ow}-Teax oN apd (10d 9) NI 10 10 51 "woomy
0110 SUIEYRT o) Jo TOTRTIIST
[opowr &poquuur e et 10 torsod Pare b .
oyads-joalqus © ySnoryy e 108108 JO HonIsod payeuiiyss puv K103RI0qR] P1 3oRQpPes) oul-[eal ON T (yoa 6) nnt (7] zeoe

uoryewnse surds wewmny (g
Yoou pue aurds

Jo sojSue Sunsimy pue
‘Suipuoq [eoye] ‘uorxoy

so[Sue aued owjod pue

uorjour [eorpdo yim Surreduwo))

Bur1008 Y104

SI0SUDS JO UOITLIO] SuLmSea]\

sisA[eue vyep dAnEIEND)

woo1 A103erod()

J[oeqPaa)

T omowjorqua oumy-reoyy

OLL ‘AL ‘7L ‘TL

[oAd] peat|

[oad] deI0Y} (O 6) NINT
[oa0] [et0es

(00U [RUINNS

99 PegIN

[e1] 1202
v 32 N ‘oreuoqIe))

wa)SAS UOMOIN EUERICEICEL] [z€] 120z
‘s ! 10781 -
so[gue :o:a::nuMw Mupawﬁﬂwwm, oot i Surreduon JUDUIDINSLAUT UT UOTYR[OLIO)) T03RIOqRT 1z PRqpes) swm-[eay] femprux pue 1T owm'y 9 & ‘onyy
19w uor ‘oPTARMO[]
owds qym ooqono] - (8¢ 0c0
[orrered tosuas taddn pue uorjew)se ofue ur SNY Surnodayy uoryeUIIse Ul 10110 J[Suy KL10yeI10qR] }eqpav) du)-[eal ON i MOl T (10a 9) NINT 20T
N . s i : i : k : * yoeq toddn :p ‘v 92y ‘sonodoayeq
Tomo[ udamIaq a[Sue Suryewrysy
o0y o1y Jo doysur
SunTy oy jo Juotaseydstp JuouTIOIAT ‘syyureys-prus
Jurol [erdesoquIny UOIJROYISSB[O Ul A0RINOOY auryoewt 103094 jroddng Sunjiop 97 Norqpes) sull)-[eal ON ‘sySryy-pru (10d 9) NINT o 19 pﬁxﬁ_oom%m
quuI] 1MO] JO uorou Jo dBuel ‘f107e10qR ‘SIAPP 1732 1 110800
“pjou [ewsyserdng
- . o USWDINSIU S[FUR WO Pase . . . N = auids ym usie SI0SUDS 2] 0zoz
so[Sue SuLmseoyy ssor Areuruong surds oY} JO SOAMJEAIND PoFRINUILG f1oyesoqery T 3PRqPasy owH-[eay ON s prd 0 B o
Apmyg jo11g ‘Adetayy . . 0s10}
osIaXa I, posienads Aq (ands) vwwhﬁwvﬁww mmwo:wwmmm__z IoyIsse[d sse[o d[Suls © Aroye10qe 9 PRQPaLJOIq Sw)-[eaY  I0LL)SOd UO SIOSUS JO Mmm:.w@m M_Mmam 4 13 ¢ .W:mww%m
poudsur owds Jo smyeans Hasod oy Jo wms ey umop-oprsdn OO OSIIONS TP 49 [ SOPOIAED
9srem oy pue ﬁﬁﬂ_ .wmmwm_ oFeurt Avl-Y UIOI S9JRUIPIOOD $91RUIPI00D APOq JO anfea f1oyer0qe] 098 speqpooy owy-eay] QRIQOIIOA T soppeggemdg [99] 6102
o .E y1ae13 Jo o300 oY L Apoq Surpuodso1100 01 poreduioyy 10110 dATYRIIWND Oy ], : ‘pue 1) usmdg S0 193] YI0MUL[[0Ig
e en [ot] 6102
JUSUIDIMSEIU UOIXS]j TequInT saareuuonsanb pajepifea 9aayJ, sisA[eue eyep aanpeIRNY) Tendso 09 J[PeqPaaJ duT)-[eaY] auids om0 (J0d 6) NINT . vtbc
0 39 Y ‘wRwWs)ooq
JuouLIeS JreUIg
oo o st sy P vt Buigng T s (o) 62 6102
L ! . L et i furus g -] A N 4 . [
j030RIq d[SueLl) [eIdYR[IMbI] uonout [AN 2y i Sutreduiop QUIqUIOd 0} WILOS[R Uy ‘f10ye10qRT TOMOL U0 SIOSUES & 1 90'7 ‘Fuep
§ 1919TOTIOFOIIII[D . N NN, N ~ . . i R . [eg] 8102
a[8ue a1y jo uonRMmOIE)) pure sogomomuos qym Sumedmopy so[3ue FulMSLOW Ul UOIJRUIIISO I0LIF] A109eI10qRT € Yoreqpooj owir}-[eal oN ouids eotatod iz (JOQ €) NINT 095 O wr]
: i - Toquuny [ .
Aer-x st yoyew 0 surds jo SIOSUaS (N[ 9} JO S9JRUIPIOOD A1) SOIB S[OIID U0 paseq
! i r i A1070] _ - < X .
[PPOW SUIPRI PUE SOTR S[DID pue snrper a1y Suryemores [PPOW [eOTyRULB RN HoyeIoqeT] FqPeSy SWR-TEI ON putds Buope stosuas ¢ (40 6) NINT (9] 102
W 99 D ‘eouIo))
[c2‘e1 82 .
sape[q Iop[noys ay) 10 a8eyped juoussesse Juowad 9juY © so[Sue ypou oywads je surdg K107e10 Joeqpaay . (10a 9 niNr) [22] 2102
S, ¢ qeT 4 3oeq 1omof ig . ¢
sBuLm [aSUR S1[) pUe SIOPMOTS DIBMIJOS SYIOMSOWSO)) SUIS() [BDIAIR)) O, 9210, SuLmsesu 9[190RI0IqIA SUIT)-[RAY Seq toddn ; oNodS v 72 “3 [easuefy
o) YA JUOWUSIE STed T, P T
) N N ) woysAs Suisn S GT/7T ¥ 0810 JO SOpIs - )
[re] opBue wopesos yo0p 10U SA WPYSAS SUIsSn S[IYM dU0Z OU SpuRdYIUSIS [RO1ISIVR)S L10reI10qRT - *PeApooy S pue 939] uo peded osuoguoau] [82] L10z
pue 313 yuniy Sunmsesuwr Aq SpISUL ow 10 wwﬁ.:wohw.a e R Y O[130RI0IIA DUII}-[EY : s . (40d 6) NINT 92 ‘r Y
w9y armysod soueleq pas() PISUL o J pue SWH QNI 39t
uoIuyep eanysoq uorgepIeA /uoIFRN[RAT POYIeIN sisA[euy eje( juowuosiauy sjuedpnaed jo #  wojsAS joeqPesd  359499U] JO UOISOY I0suog soustazoy

SOOI PaMIIADI TOI] 9020 JO %hdaaﬂ,—m Pnunuo) T a[qel,



Narges Pourshahrokhi, Yitong Sun, and Ali Asadipour

SOA sox. oN oN ON ON ON ON ON ON °N Aypiqerreae eyeq

rensip SPRqPo9] ON renstp [enstp [ensIp [ensip onyder-onsip  renstp ondery-onstp  onder-onsip oryder-onsip WoyshS NOeqPood

0z 0z 91 89T 0zt 07% o1 89T [ilas 0z o (sanoy) oy A1033Rg

speq Tomo  peq Toddp ‘400 s1eo ‘98pLIq 9SON  ISTRA\ ISTRAN Q[oIAR[)  sopue ‘seouy ‘sdIf ¥ooN ISTRAN speg oddn  speq sddn UOI7eD0] I0SUSY

0T L 9¢ VN LT veTr VN e 514 1T 4t (8) 1qSoMm

9T X €€ €exee VN P9XQTE €LY X9€ET 9GE X 9°GE VN 09T X 08 00T X GT¥ 8C X 8V 8C X 8V (ww) oz1g
oxpesyanjsod RLIOSUDS SWIOIA[ SUIf  eueIJ S[EAOP[IZ [()-Osuag X IPeN Xoly oegowmng g oo jyStidn EMTHMW

U0110939p 2IN3S0J [euldg 10J SIAS(] [RIDISWWIO)) g I[qe],



Title Suppressed Due to Excessive Length 9

— Articles involving wearable technologies which are able to monitor posture
of human

— Data analysis methods were used for data analysis

— Control group experiments or accuracy validation were available

— Article published after 2010

— Articles written in English

We also have excluded following criteria from our screening;:

— Articles that are only capable of identifying body positions such as walking,
sitting, lying down
— Wearable technology that focus on monitoring posture parts other than spine

The initial database search yielded 2343 potentially relevant articles; however,
154 duplicates were excluded. After applying inclusion and exclusion criteria,
1159 articles were eliminated. The remaining 268 titles and abstracts were then
scanned to identify potentially relevant studies. Of these, 234 did not meet the in-
clusion criteria due to: preliminary results (n=46), and non-experimental studies
(n=188). As a result, data were extracted from 30 studies that met the inclusion
and exclusion criteria.

After scanning chosen publications for bias using the Newcastle-Ottawa Scale
of Quality Assessment. We explored the selected articles in terms of sensor tech-
nology, region of interest, feedback presents, participant number, lab or real-
world setting, data analysis technique, assessment method, and the posture def-
inition employed. Table 1 provides a thorough summary of the outcome.

Furthermore, another inquiry on Google and Espacenet was conducted to un-
cover the commercially available posture wearable technology. This study found
and used 11 commercially available posture devices in total. “posture”, “wear-
able”, “device”, and “commercial” were utilised as search phrases. Wearables
with posture-recording and monitoring capabilities met the inclusion require-
ments; however, devices that mechanically adjusted posture, like braces, or prod-
ucts whose device specs were unknown or unavailable were among the exclusion
criteria. As demonstrated in Figure 2, the results of this investigation were con-
tributed to the PRISMA as additional source of search results.

3 Findings

The study conducted a comprehensive review of 30 articles selected from a total
of 2343 papers on human posture analysis. Out of the 30 selected articles, 14
(46%) used distance error measurement, 8 (26%) used model approximation, 5
(16%) used artificial intelligence, 2 (6%) used usability metric, and only 1 (3%)
used qualitative measurements for their data analysis.

In terms of the experimental setting, most experiments were conducted in
a laboratory environment (74%), 7 (23%) were conducted in a working envi-
ronment, and the remaining experiment (3%) did not specify the environment
setting. The acquisition points for human posture analysis varied from one local
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point to 20 points, with the majority of studies (83%) focusing on the spinal area
for sensor placement. Additionally, 2 studies (6%) used a modified shirt, the same
number of studies used an upside-down triangle shape for sensor placement, and
one study (3%) used a belt for sensor placement.

In terms of sensor technology, the majority of studies (70%) used IMU sen-
sors, 5 (16%) used commercial devices, 2 (6%) used strain gauge, 1 used textile,
and 1 used a smart garment. The number of participants in the experiments
varied from 1 to 360, with some studies not specifying the case study size. The
definition of posture was not uniform, with each study defining it differently.

The study also reviewed 11 commercial devices, investigating their size,
weight, body placement, presence of a feedback system, availability of collected
data for researchers, and the presence of research studies. In terms of weight,
wearables ranged from 7g to 36g. only 2 (18%) didn’t specify the weight of the
device. In terms of sensor placement, 3 (27%) focused on the upper body, 3
(27%) targeted the waist, and the rest aimed at the Neck, Clavicle, Nose ridge,
ear, lower back, and foot. The battery life of the wearables covered a range of 1.5
hours to 168 hours. Regarding the presence of a feedback system, most devices
(90%) had Mobile application feedback. In terms of the availability of data for
researchers, only 2 (18%) had data available for other researchers to use. The
details and features of commercial devices are available in Table 2.

4 Discussion

Wearables that monitor posture have the ability to prevent developing poor pos-
ture by providing real-time feedback and promoting the correction of poor pos-
ture. Many prototypes capable of assessing spinal position have been presented
in the literature. A diverse set of technologies supports these systems. IMUs are
the most regularly utilised, offering 3 to 10 Degrees of Freedom (DOF). Strain
gauges, flex sensors, fibre-optic goniometers, inductive sensors, and ergonomic
dosimeters are some other technologies employed in posture monitoring wear-
ables [56,9,64,68,8]. A comparative detail of the studies is presented in Tables
1 and 2. This section discusses the details and our findings from the reviewed
resources.

4.1 Posture definition

The definition of posture that each research study selected was surprisingly
broad. While two studies developed their own unique definitions of posture and
tested them in pilot studies, the majority employed some form of angular mea-
surement to assess posture. However, the specific location and the combinations
of angles and set-ups varied across studies. Defining posture presents a challenge
as it is contingent on the underlying causes of poor posture, thereby influencing
how it is measured. It is essential for the literature to establish a clear and stan-
dardised definition of posture to facilitate measurement and enable researchers
to utilise a unified metric for comparing different models. However, the current
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wide range of methodological approaches for measuring posture presents a chal-
lenge in this regard. Comparing studies that use various measures for defining
posture is difficult, given the lack of a standardised definition.

4.2 Sensor technology

An Inertial Measurement Unit (IMU) is a device that consists of sensors that
measure acceleration, angular velocity, and sometimes magnetic field strength.
These sensors can be used to determine the orientation, position, and movement
of an object. IMUs are often used in wearable devices for posture detection be-
cause they are small, lightweight, and can operate without the need for external
references. Several types of sensors are commonly used in IMUs, including ac-
celerometers, gyroscopes, and magnetometers. Each of these sensors measures
a different physical quantity, and the data from these sensors can be combined
using algorithms to determine the orientation and movement of the device. The
degrees of freedom (DOF) in IMU sensors refer to the number of independent
axes along which an object’s motion can be measured. Generally, an IMU sensor
can have 3, 6, or 9 DOF. A 3 DOF IMU can measure acceleration along the three
axes of X, Y, and Z, while a 6 DOF IMU can measure both acceleration and
rotational velocity around these three axes. On the other hand, a 9 DOF IMU
can measure all three axes of acceleration, rotational velocity, and the direction
of the Earth’s magnetic field. Generally, a higher number of DOF in an IMU
sensor means more accurate measurements of an object’s motion and orienta-
tion. Only 4 (13%) publications in this systematic review used IMU with 3 DOF,
The majority, however, used IMU with 6 DOF that is possibly due to factors
such as cost, power consumption, application requirements, and simplicity of
data processing. 12 (40%) publications measured the posture concurrently with
a combination of two to three sensors along with IMU. Three studies exclusively
employed texture and pressure sensors, whereas one research incorporated an
optical sensor (light).

4.3 Sensor Placement

Wearable placement of the body was an interesting aspect of this systematic re-
view. While the majority of studies considered curvature and the spine’s struc-
ture related to poor posture, each of them chose various spine locations for
measurement.

14% of studies focused on the cervical, 21% targeted the sacrum and 28%
aimed at Lumar, while the majority (35%) of studies considered the thoracal
region of the spine for their measurement.

4.4 Environmental Setting

Experimental studies often rely on controlled environments to minimise con-
founding variables’ influence and ensure that the results are reproducible. This
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is why many experiments are conducted indoors and in laboratory settings. In
these controlled settings, researchers can carefully manipulate the independent
variables and measure their effects on the dependent variables while keeping
other variables constant. Additionally, laboratory equipment and instruments
can be calibrated and standardised to reduce measurement errors, which is par-
ticularly important when conducting high-precision experiments. However, the
controlled nature of laboratory experiments also limits their ecological validity
or the extent to which the results can be generalised to real-life situations. Fur-
thermore, laboratory equipment and facilities can be expensive or impractical
for real-life usage. While laboratory experiments have their advantages, they
may not always be practical or feasible when studying phenomena that occur in
the real world or in outdoor environments. However, outdoor experiments also
present many challenges, such as the lack of control over environmental condi-
tions, difficulty in replicating the same conditions across multiple experiments,
and the potential for confounding variables to influence the results. As a result,
experimental designs for outdoor settings often involve compromises between
control and ecological validity. In this systematic review majority, (84%) of ex-
periments were conducted in a laboratory and controlled environment only five
(16 %) experiments were adapted to real-life experience. It is necessary to design
practical wearables in real work to be helpful and impactful.

4.5 Data Availability

In this systematic review, we observed that data for other researchers were only
available in some cases. Publicly available data can encourage further analysis
and replication of the findings. It also helps researchers in the field to improve
existing work and develop more optimised outcomes. This can be particularly
important in posture detection and public health, where access to data can in-
form policy decisions and lead to improvements in people’s care. However, in
other cases, the data may be restricted due to privacy concerns or ownership is-
sues. However, the data may be restricted in other cases due to privacy concerns
or ownership issues. For example, wearable technology such as fitness trackers
or smartwatches can collect large amounts of data on individuals’ health and
behaviour, but this data may be subject to privacy laws or the terms of service
of the device manufacturer. The lack of availability of data from wearable tech-
nology can pose challenges for researchers who are interested in studying health
or behaviour. While wearable devices can provide valuable insights into individ-
uals’ activity, spine structure, and posture, access to this data may be limited
by factors such as cost, privacy concerns, or proprietary algorithms. This can
create barriers to replicating studies or conducting meta-analyses, which rely on
the availability of large datasets. Additionally, the ownership of the data may
be unclear, which can make it difficult for researchers to obtain permission to
use the data or to share it with other researchers.
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4.6 Data Analysis

In terms of data analysis, while existing and reviewed papers had valuable tools
for evidence-based decision-making, the data analysis methods used in these re-
views are often relatively basic. This can limit the accuracy of the outcome,
as it may not fully capture the nuances of the underlying data. One potential
way to improve the accuracy of systematic reviews is by incorporating Al and
ML techniques. AI and ML can be used to analyse large datasets and iden-
tify patterns that may not be immediately apparent using traditional statistical
methods. This can help to increase the accuracy of the outcome by providing a
more nuanced understanding of the data. ATl and ML can be particularly useful
in scenarios with wearables that often involve significant and complex datasets.
This can help to identify gaps or inconsistencies in the literature and provide
insights into areas that may require further research.

5 Beneficiary In Well-being and Healthcare

Wearable technologies have the potential to revolutionise the way we monitor
and improve our health and well-being, and one area where they have made
significant strides is in the detection of human posture. These technologies can
be used to not only identify poor posture, but also provide feedback and coaching
to help individuals improve their posture and reduce the risk of injury or pain. In
this systematic review, we also explore the application of wearable technologies
for human posture detection and the benefits they offer for both individuals and
healthcare professionals.

One of the primary benefits of wearable technologies for human posture de-
tection is their ability to continuously monitor posture throughout the day. Tra-
ditional methods of posture assessment, such as manual observation or static
photographs, are limited in their ability to capture posture changes over time
or in different positions. Wearable technologies, on the other hand, can track
posture in real-time, allowing for a more comprehensive understanding of an
individual’s posture habits and patterns.

One of the most significant advantages of wearable devices is their potential
to facilitate behavioural modification and promote positive lifestyle changes. By
continuously monitoring posture habits, these devices create a feedback loop that
encourages individuals to adopt healthier postural habits in their daily lives. As
users become more conscious of their posture, they are likely to make conscious
choices to prioritise good posture, not just during device usage but throughout
their day-to-day activities. This behavioural modification can extend beyond
posture, leading to increased awareness of overall health and well-being.

In addition to providing individuals with a convenient and accurate way to
monitor their posture, wearable technologies for posture detection also offer ben-
efits for healthcare professionals. By providing continuous posture data, these
technologies can help healthcare professionals identify patterns and risk factors
for injury or pain, and provide more targeted interventions and treatment plans.
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For example, a physical therapist working with a patient who suffers from chronic
back pain could use wearable posture detection technology to identify specific
postures or activities that may be contributing to the patient’s pain, and de-
velop a treatment plan based on this information. Moreover, using vision-based
technology has raised concerns about the potential invasion of privacy, as they
can capture personal information and activities without the individual’s consent.
Additionally, cameras can be hacked or accessed without the owner’s knowledge,
putting them at risk of cyber attacks or identity theft. Unlike vision-based tech-
nology, wearables do not capture visual data and instead rely on sensors to collect
information. Thus, using wearables can maintain the benefits of technology while
protecting privacy, making them a viable alternative to vision-based technology.

The boundary between smart health wearables and medical devices is becom-
ing blurred with advancements in technology, allowing patients to take a more
active role in their health and manage ongoing conditions. However, the use of
commercial wearables in healthcare has both benefits and drawbacks. Health-
care professionals may be overwhelmed with the increase of patients bringing
their own data to appointments, leading to confusion and tension. Alternatively,
healthcare professionals and researchers could collaborate to validate wearable
devices as a supportive tool in the healthcare system.

The use of wearable technology in the field of spine posture analysis offers
several potential benefits, including;:

— Early Detection of Postural Issues: Wearable technology enables real-time
monitoring of spinal posture, which allows for early detection of postural
issues. Early detection of these issues can lead to prompt intervention and
prevent more serious problems from developing in the future.

— Improved Treatment Outcomes: By providing more accurate and detailed
information about spinal posture, wearable technology can lead to improved
treatment outcomes for individuals suffering from back pain, spinal injuries,
or other postural problems.

— Increased Accessibility: Wearable technology offers an affordable and acces-
sible solution for individuals to monitor their spinal posture, regardless of
their location or access to healthcare facilities. This increased accessibility
can lead to earlier and more effective treatment for postural issues.

— Better Understanding of Spinal Mechanics: Wearable technology can provide
valuable data on spinal mechanics, which can help medical professionals
better understand the causes of postural issues and develop more effective
treatments.

— Improved Compliance: Wearable technology can provide real-time feedback
on posture, which can encourage individuals to adopt better postural habits
and improve compliance with treatment plans.

The use of wearables in healthcare is still in its early stages, and its potential
applications and limitations are yet to be fully understood. Wearable technol-
ogy has the potential to offer numerous benefits to healthcare providers and
individuals alike. By enabling real-time monitoring and improved understanding
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of spinal mechanics, wearable technology can help prevent and treat postural
problems, leading to improved health outcomes for individuals.

6 Conclusion

This paper has reviewed the current state of the art in wearable devices for mon-
itoring and detecting spinal posture, as well as commercial devices. The current
method for analysing posture is through radiography, but optical methods are
emerging as a potential alternative. This paper shows that despite the benefits
of using various technologies to measure posture, more research is needed to
improve their accuracy, determine their clinical usefulness, and enhance their
practicality before they can be widely adopted.

Furthermore, these laboratory-based methods are not suitable for daily pos-
ture monitoring. Wearable technology could fill this gap by providing objective
measurements of posture. However, the lack of standardisation in posture def-
initions remains a challenge. Although there is a growing trend of commercial
wearable devices using IMUs for continuous data collection, more research is
needed to confirm their validity. Their data could potentially be used to detect
spinal conditions earlier and more easily.

Our review highlights the advances made in this field, as well as the limi-
tations that must be considered when designing and evaluating these devices.
We have also identified several key concerns, including the availability of data,
restrictions in experiment environment settings, data analysis, sensor technology
and placement, and the potential application of these devices in healthcare.

One of the key challenges facing researchers and practitioners in this field
is the need to balance the advantages of wearable devices with the limitations
that arise from their use. While wearable devices offer many potential benefits,
such as increased accuracy and real-time monitoring, they are also subject to
limitations, such as the standardised definition of posture and employing Al
for data analysis. Future research should continue to address these challenges
and work towards developing more reliable and accurate wearable devices for
monitoring spinal posture.

Overall, the findings of this paper emphasise the need for continued inno-
vation in wearable technology, with a particular focus on the development of
devices that can be used in various environmental settings, provide reliable and
accurate data, and have clear applications in healthcare. By addressing these
concerns, researchers and practitioners can work towards developing more effec-
tive interventions for spinal posture monitoring and detection, with the potential
to improve patient outcomes and quality of life.
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