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Measurement of Posture Using Advanced Sensor Technologies
A Literature Study and Trial Experiment of an IMU-Based System
LOVISA SVENSSON LAABAN
Department of Electrical Engineering
Chalmers University of Technology

Abstract
The purpose of this thesis was to identify a quantitative postural assessment tool
for monitoring the progress of rehabilitation therapies, as current visual methods
are subjective and prone to errors. The goal was to measure sagittal angles along
the entire spine to provide an objective indicator of postural balance.
A literature review was conducted to provide an overview of conventional clinical
methods and to explore novel postural assessment tools available on the market.
The most promising emerging methods included Kinect, inertial measurement unit
(IMU) systems, and smartphone applications. While Kinect and smartphone-based
methods offered limited accuracy and seemed more appropriate for estimating gross
misalignments, IMU systems demonstrated superior precision, versatility, and ap-
plicability to both dynamic and static measurements, though at a higher cost.
Based on these findings, the Movella DOT IMU system was selected for evaluation
in a trial experiment. Four sensors were placed along the spine of a test subject,
and results were compared with the Qualisys motion capture system during sitting,
standing, and walking tasks. The sensor placed at the cervical lordosis showed
the strongest agreement, with an overall mean bias of 1.6°. When gait data were
excluded, the cervical placement yielded a mean bias of 0.41° and a mean RMSD of
0.64°, which is considered an excellent result. Sensors placed at lower spinal regions
exhibited slightly higher deviations.
Further development of dedicated software and validation in larger test groups is
necessary for clinical implementation but is considered highly feasible. The Movella
DOT system has the potential to serve as an all-in-one solution for multiple needs
in rehabilitation therapy, combining accuracy with versatility, and thus is a highly
promising tool for clinical postural assessment.

Keywords: body posture; spinal alignment; sagittal spinal tilt; IMU; inertial sensors;
wearables; postural assessment; rehabilitation engineering; medical rehabilitation.
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1
Introduction

Healthcare continues to face new challenges as society and lifestyle patterns evolve.
The growing prevalence of unhealthy lifestyle habits in modern society has been
linked to rising rates of chronic pain conditions. For instance, many daily tasks
today involve sitting down, both at home and at work [1]. This is of concern,
as low expenditure postures, such as sitting or lying down, typically negatively
affect our health [2]. When an increasing duration of our day consists of sitting
down, the muscles responsible for maintaining good posture, which need exposure
to gravity forces, are not stimulated and may result in muscle weakness and atrophy,
leading to poor posture [3]. An improper sitting posture can lead to complications
such as disorders of the musculoskeletal system, including chronic back pain or
improper spine alignment [1]. Today, 1.7 billion people are estimated to suffer from
musculoskeletal health disorders (MSDs), with low back pain (LBP) and neck pain
having the highest prevalence. The severity of this issue is only increasing, and
in 2015 MSDs were the fourth most common cause of disability-adjusted life years
worldwide, at a grand total of 95 million years [4].
Of great prevalence are musculoskeletal health disorders caused at work, known as
work-related MSDs (WMSDs) [4]. They are the most common occupational health
problem worldwide [5], and have become a major global health concern that impacts
society, the economy, and individuals. Currently, three out of five workers in the
EU are affected by WMSDs. The causes are multifactorial, but risk factors include
heavy and repetitive handling, awkward postures, and rapid movements primarily
of the upper body [4]. It is estimated that half of workers in the EU are exposed to
tiring and painful work postures during 25% of their working time and 14% during
their entire working time [4]. Meanwhile, the prevalence of WMSDs is expected
to continue rising, mainly attributed to increased overload of the musculoskeletal
system at work [5]. WMSDs can have a major effect on the ability of a person
to work, as they can impair work capacity, lower job satisfaction, and increase the
likelihood of short- and long-term absence from work. They can even result in
withdrawal from the labour market [4], as a result of decreased functionality and
permanent pain-related disability. In addition to limiting people in their work life,
WMSDs also greatly impact daily functional activity of sufferers. In particular,
they may lead to reduced physical, psychological, and social well-being of workers
[5]. Furthermore, in many countries, population demographics have shifted due to
the improvement of modern healthcare, and has led to challenges with adapting to
an ageing population. Older citizens are more likely to suffer from multiple and
complex health conditions [6]. Therefore, the increasing incidence of WMSDs is also
believed to be associated with a higher percentage of older workers [5].

1



1. Introduction

The leading cause of disability worldwide is attributed to low back pain. The bur-
den this places on society in terms of costs, both indirect and direct, is estimated
to range between 0.4% to 1.7% of GDP, depending on the country and model used.
Approximately 1% of LBP cases are diagnosed as being caused by some serious
pathology, such as cancer, while 20% of cases are attributed to nerve root irritation
caused by [7], for example, acute disc prolapse [8]. The remaining 80% of LBP cases
go under the label "non-speci�c", where a de�nitive cause of the pain cannot be
determined due to uncertainties and di�culties in diagnosis [7][8]. However, a com-
mon feature of these non-speci�c cases is that the non-surgical methods available
today are inadequate and only result in short-term, moderate e�ects. This could
be attributed to non-speci�c LBP (NLBP) patients su�ering from di�erent condi-
tions that belong to di�erent subgroups. Thus, there is an incentive to identify the
characteristics of each subgroup and develop customized treatments [7]. Among the
mechanical risk factors that have been identi�ed for NLBP, poor posture is one of
the most consistently reported [9].
Improper posture, often referred to asnon-neutral spinal postures, is recognized as
not only a root cause of pain but also a factor that perpetuates it [10]. For exam-
ple, people may engage in dysfunctional pain-related movement patterns, including
muscle activations or posture patterns, which can result in increased trunk sti�ness,
postural abnormalities, and altered activation patterns of the abdominal and exten-
sor muscles. That is, pain itself can reinforce maladaptive movement patterns and
postures, maintaining or even worsening the condition [7].
It is vital to �nd solutions to detect, combat, monitor and prevent conditions caused
by improper posture [4]. In addition, collecting data and developing reliable ways
to monitor posture can give a better picture of the causes of the conditions, which
can lead to more e�ective treatment strategies [11]. Posture measurement is an
important tool in this quest [12], and while there already exist conventional methods
used clinically, primarily consisting of simple manual tools, there is a growing body
of research on prospective measurement methods of higher accuracy and versatility,
as well as some already commercialized novel solutions [13].

1.1 Aim and Research Questions

This thesis was conducted in collaboration with physiotherapists at the Sahlgren-
ska University Hospital, who had identi�ed the need for a more accurate postural
assessment tool in rehabilitation therapy of pain disorders. The aim of this thesis is
thus to �nd a new measurement method to assess posture in patients, which is more
reliable, from an inter-tester and intra-tester perspective, to the visual assessment
that is employed as a standard today. The method should be able to quantitatively
measure changes in posture during the rehabilitation treatment of a patient, in or-
der to provide concrete evidence of the e�ectiveness of the treatment, and to give
feedback to the patient. The data should also be recordable and analysable. Fur-
thermore, it is of interest to measure posture in both static and dynamic activities:
standing, sitting, and walking. The main anatomical plane of interest is the sagittal
plane, with the aim of assessing the alignment of the upper body and pelvis and
identifying forward or backward lean postures. Importantly, the device should be

2



1. Introduction

capable of measuring all points along the spine, to provide a more accurate rep-
resentation of global posture balance. For clinical implementation, it is preferred
to select an already existing commercial device or technology that can be applied
e�ciently, rather than developing a new prototype.
Initially, a literature review will be conducted to gain an overview of existing pos-
tural assessment tools, both conventional and novel. Based on this evaluation, one
promising postural measurement device will be selected and a trial experiment will
be carried out using it to assess its feasibility for clinical implementation in the given
context. The aim of the thesis can be summarized through the following research
questions:

Research Questions:
ˆ Which conventional postural assessment methods are currently used clinically?
ˆ Which novel postural assessment tools available on the market are suitable for

this context?
ˆ What is the most promising device identi�ed in the literature search?
ˆ How accurately does the chosen technology determine postural alignment?
ˆ How feasible is clinical implementation of the tool?

1.1.1 Limitations

It should be noted that the literature study is limited to the information available
online at the time of data collection. Subsequent releases of new devices and studies
after the publication of this thesis could in�uence the potential of some of the devices
discussed.
Another limitation concerns the di�culty of estimating the costs of postural assess-
ment devices, as pricing is often based on negotiation with companies. Some are
based on subscription fees and some on one-o� costs. As such, costs will not be
of focus in the analysis. A more comprehensive cost analysis would be necessary
to enable a fair comparison between devices, but this lies beyond the scope of this
thesis.
Finally, the experimental study will be restricted to a preliminary trial of the chosen
device, aimed only at making an initial observation of the suitability and perfor-
mance of the tool. The purpose of this thesis is therefore not to draw any clinical
conclusions or develop methodologies for practical application.
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Theory - Literature Review

In this chapter, the basics of human posture and its relationship to pain will be
explained.

2.1 Body Posture

The human spine is comprised of a column of 33 bones calledvertebrae, most of
which are moveable [14]. There are three spinal curvatures that are used to describe
posture in an upright position, illustrated in Figure 2.1. They are referred to as the
following:

ˆ Cervical lordosis (10-30� ): curvature of the cervical spine (upper region)
ˆ Thoracic kyphosis (20-40� ): cuvature of the thoracic spine (middle region)
ˆ Lumbar lordosis (34-42� ): curvature of the lumbar spine (lower region) [15]

where lordosis is the increased curvature towards the front of the body (anterior
curve), and kyphosisis the rounding of the spine (posterior curve) [3][16].
Based on these curvatures, four common types of non-structural misalignments have
been identi�ed: 1) lordotic posture, de�ned by increased lumbar lordosis and pelvic
anteversion; 2)kyphotic posture, de�ned for example by increased thoracic kyphosis
and head protraction; 3)�at-back posture, de�ned by �attened lumbar lordosis and
lower part of thoracic kyphosis; and 4)sway-back posture, de�ned by for example an-
terior pelvis shift and longer thoracic kyphosis; see Figure2.2for illustrations. These
abnormalities cause disturbances in the physiological loading of the musculoskeletal
system in di�erent manners, leading to pain and disorders [3].
Factors that may a�ect posture are complex and include minimal perturbations
in the psychophysics and socioenvironment. It is a dynamic system, constantly
changing [5]. The maintenance of global body balance can be described by thecone
of economy [17]. The concept was introduced by Jean Dubousset in the 1970s,
based on full spine X-rays [18]. In this model, dynamic muscles and static ligaments
are continuously counterbalancing each other to maximize energy conservation [17].
When a disturbance occurs in one region, compensatory changes occur in other
regions, leading to a change in the overall shape of the spine [19]. Each part of the
spine has an in�uence on the other, and therefore it is considered important to treat
the human spine globally, rather than segmentally [11]. For example, in the standing
position, pelvic orientation has a great impact on posture. Pelvic orientation has
been found to correlate with lumbar lordosis, where pelvic anteversion leads to
more lumbar lordosis, and pelvic retroversion leads to less lumbar lordosis [10].
Thus, there is a strong interdependence between the pelvis and lumbar spine in
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Figure 2.1: Curvatures of the spine.Note. Illustration by H. V. Carter, modi�ed by Uwe

Gille and delldot. From Gray's Anatomy (1918). Retrieved from https://commons.wikimedia.

org/wiki/File:Gray_111_-_Vertebral_column-coloured_labels.png . Public domain.

Figure 2.2: Illustrations of lordotic, kyphotic, �at back, and sway back body
postures.
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maintaining a well-balanced posture [11].

Overloads on the spine, both external and internal, can lead to anatomical changes
in the alignment of the spine and subsequently in the three spinal curvatures. When
curvatures are shifted, the biomechanics of the body can be altered, which can lead
to misalignment of the body posture [15]. The compensatory ability is limited by the
inherent �exibility of the spine, and thus an abnormal posture can lead to excessive
stress and strain in the spinal structure. This can induce pain [11] and decrease
functionality of the spine [20]. In other words, postural-related spinal pain may
have roots innon-neutral spinal postures[10].

There exists no consensus on a de�nition of "good posture" [10], but it could be
described as a posture that produces the maximal biomechanical e�ciency with
minimal energy expenditure [15], by keeping the body segments aligned about the
line of gravity [5]. More speci�cally, it could be argued that good posture is described
by the alignment of the ear, shoulder, knee, hip, and ankle from the side view, while
improper posture implies the postural alignment strays from the centre of gravity.
For example, if the head is in front of the centre of gravity, a hunch will be induced
in the upper back [21] and the pelvis will tilt anteriorly [ 11], while if the head is
too far behind the line of gravity, excessive arching will occur in the lower back [21].
Thus, it is paramount to obtain a balanced alignment, and importantly one that
is comfortable for each speci�c individual. Harmful e�ects may arise when body
segments are misaligned with the line of gravity [5].

In treating spinal disorders, a key focus is achieving alignment in the sagittal refer-
ence plane [20], the vertical plane that divides the body into left and right halves (see
Figure 2.3). To achieve sagittal balance, the centre of gravity should be arranged
upon the pelvis. Research has also revealed that, at equilibrium, the C7 plumb line
should lie posterior to the gravity line [22]. The main cause of misalignment in the
sagittal plane is usually increased kyphosis. While the lower extremities and pelvis
act in sagittal posture compensation, they are typically biomechanically ine�cient,
often resulting in strain and pain. This often tilts the head downward, resulting in
a loss of horizontal gaze. It is important to note, again, that a local malalignment
can cause a disturbance in the overall balance of the spine [23].

The role of the di�erent body parts in maintaining posture varies with activity. For
example, depending on whether a person is sitting or standing up, the mechanism of
keeping the centre of gravity at equilibrium di�ers. While standing, the lower limbs
may participate in correcting the centre of gravity, whereas in the sitting position
this correction is mainly controlled by the pelvis [10]. Although it is important to
evaluate the patient in various static positions, such as standing, sitting, and supine,
the assessment of standing position has been deemed the most accurate for assessing
deformities in both the sagittal and coronal planes [20]. However, certain factors in
the lower extremities that can a�ect posture, such as a discrepancy in leg length,
can be avoided if the assessment is performed in a sitting position [24].
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Figure 2.3: Anatomical planes. Note. From Planes of Body by OpenStax College, 2013,

Wikimedia Commons (https://commons.wikimedia.org/wiki/File:Planes_of_Body.jpg). Licensed

under CC BY 3.0.

2.2 Pain Disorders Caused by Improper Body Pos-
ture

2.2.1 Low Back Pain (LBP)

LBP is one of the leading causes of disability worldwide and the second most com-
mon cause of medical consultations [11]. It is estimated to a�ect 60-80% of the
population at some point in their lifetime [8], and 5-10% of su�erers eventually
develop chronic LBP [11]. Lower back disorders represent the most signi�cant mus-
culoskeletal condition globally [8].
The causes of LBP are multifactorial and complex. The lumbar spine is of particular
interest, as its posture and movement patterns have been found to correlate with
lower back injuries. Lumbar spine posture is the most frequently cited cause of
LBP [8]. Research has shown that individuals with LBP exhibit a decreased active
range of motion (AROM) in the lumbar spine, particularly in the sagittal plane [19].
Furthermore, sagittal postural alignment has been identi�ed as an important risk
factor for low back pain in adolescents [12].
Loads placed on the spine are another major risk factor for LBP and are particularly
relevant in occupational settings [8]. Mechanical low back pain (MLBP) refers to
back pain caused by the placement of abnormal stress and strain on the back [11].
Mechanical risk factors for LBP include lifting, sagittal �exion, rotation or lateral
�exion, and prolonged sitting [8]. An example of excessive loading as a risk factor
for incident LBP is to use more than 60% lumbar spine �exion for more than 5% of
the work day [7]. Poor habits, including poor posture, may also contribute to the
development of chronic mechanical low back pain (CMLBP) [11].
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2.2.2 Neck Pain

Neck pain is a major public health concern, with high prevalence, incidence, and
years lived with disability. It has a high tendency to progress to chronic neck pain
(CNP), during which biomechanical issues extend beyond the cervical spine [19].
There is strong evidence that neck pain intensity is associated with greater forward
head posture (FHP). Individuals with FHP tend to exhibit lower trunk muscle en-
durance and control, and walk with a sti�er spine due to reduced trunk rotation,
further increasing their risk of developing LBP [19].
Research has also shown that neck pain intensity in individuals with CNP is linked
to sagittal spinal posture and mobility while sitting. For instance, in a resting seated
position, a higher neck pain intensity has been observed to correlate with a more
forward-leaning trunk. One study further reported that women with moderate to
severe neck pain display decreased AROM in the spinal sagittal plane, along with
greater sacral kyphosis while sitting, compared to women with mild neck pain [19].
During neck movements while sitting down, the intensity of the pain has also been
found to be signi�cantly associated with greater lumbar lordosis, suggesting that
neck pain may be related to sagittal lumbopelvic posture [19].
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In this literature review, articles and studies on postural measurement methods were
analysed. The purpose of the analysis was (1) to identify current technologies and
tools used to measure body posture, and (2) to �nd speci�c devices that met the
criteria given by the physiotherapists at Sahlgrenska.
The search began with a set of relevant overview articles supplied with the thesis: [2],
[4], [7], [8], and [13]. From there, promising technologies were investigated through
screening references and analysing those studies. A broader literature search was
then performed to gather additional information on speci�c topics or technologies.
The databases used included Scopus, PubMed, Google Scholar, ScienceDirect, and
Web of Science, from which full-text PDFs of the articles were downloaded. The
search focused on peer-reviewed journal articles, reviews, theses, and meta-analyses.
Articles had to be written in English or have an English abstract, and be accessible
through Chalmers institutional login. Search terms included were:posture moni-
toring; posture analysis; postural assessment; postural alignment; sagittal alignment;
wearables; smartphones; IMU; mobile devices; lumbar; thoracic; and device names.
Articles and devices were included based on the following criteria:

1. Devices had to be applicable and validated for the sagittal spinal plane.
2. Studies had to examine the spine, neck, or pelvis.
3. Tools solely applied in sports were excluded.
4. Devices had to be commercially available.
5. Novel methods could not be based on invasive methods (e.g., radiography).

When a study met these criteria, its references were screened for additional relevant
studies, which were also analysed. All qualifying studies were included in the thesis.
The names of devices were also used as search inputs in Google to �nd o�cial
websites, brochures, and other information.
To enable comparison between devices, a summary table was created. It included
the device components, medical grading, validated spinal regions, suitability for full
spine measurement, applicability to static or dynamic measurements, and overall
advantages and disadvantages. Images were included for devices where permission
was granted.
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Postural assessment methods are generally categorized into invasive and non-invasive
techniques [26]. The targeted angles and movement patterns of the spine are diverse
and subtle, posing di�culties in measuring and monitoring them with non-invasive
methods. In contrast, invasive methods typically have harmful e�ects on patients
[7].
The key challenges in implementing postural assessment tools include accessibility
to clinicians, a�ordability, complexity of use, and the need for specialist training
[13]. Many conventional methods which are valid, simple, and a�ordable are still
used clinically today and will be discussed in Chapter 4.1. However, the need for
more accurate, versatile, and patient-safe tools drives the search for novel postural
assessment methods, some of which are presented in Chapter 4.2. At the end of the
chapter, the novel commercial methods are summarized in a comparison table.

4.1 Conventional Postural Measurement Methods

This chapter presents some conventional postural assessment methods that are used
as standard tools in clinics, categorized into invasive and non-invasive approaches.

4.1.1 Invasive Methods

4.1.1.1 Radiography

Radiography has traditionally been considered the gold standard for examining
sagittal spinal curvatures. However, it is classi�ed as invasive because it exposes
the patient to harmful radiation [15]. X-ray beams that pass through the body have
been shown to increase the incidence of cancer in subjects [13]. Thus, the use of
radiography for postural examination is limited [27], and is typically implemented
only when pathology is suspected [12].
In radiography, spinal curvatures are quanti�ed by analysing X-ray scans. The upper
and lower limits of the spine curvature are determined manually [15], and angles
are measured via the Cobb method (see Chapter 4.1.1.1.1) [15][26]. Besides the
carcinogenic risks associated with radiography, it is also expensive and therefore not
recommended for assessing posture variables. Consequently, it is not used routinely
for this purpose [13].

4.1.1.1.1 Cobb Angle The Cobb angle, introduced in 1947, was the �rst pa-
rameter used to measure spinal alignment, and remains the most well-known method
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to this day. It is considered the standard for curvature estimation, favoured for its
simplicity and user-friendliness [18]. The Cobb angle can be used to measure spinal
deformities such as scoliosis (from frontal radiographs), as well as kyphosis and
lordosis (from sagittal radiographs) [28]. For example, it is considered the gold
standard for evaluating the degree of kyphosis, measured at the intersection of two
lines drawn from T4 and T12; see Figure4.1 [29].
At the time of its invention, the Cobb angle was introduced to improve scoliosis
evaluation. By the 1990s, advances in imaging technologies led to rapid growth
in research on the relationship between the spine and pelvis, giving rise to many
new postural evaluation methods. While the Cobb angle is used to this day, the
radiation risks associated with radiography have made other non-invasive methods
more attractive options for routine postural assessments [18].

Figure 4.1: Cobb angle method for measuring kyphosis.

4.1.2 Non-Invasive Methods

4.1.2.1 Photogrammetric Methods

In photogrammetry, body measurements are obtained using photographic images.
Compared to radiography, photogrammetric methods are associated with lower costs
and a lack of harmful health e�ects. Therefore, they are considered feasible postu-
ral assessment methods for clinical practice [13]. Photogrammetric images can be
analysed in various ways by combining them with software [26] that calculates the
lengths of body segments and the angles between them [15].
However, these methods are largely limited to laboratory use and are unsuitable
for continuous posture monitoring [5]. They also su�er from inconsistencies in the
data acquisition procedure, where a varying distance between the camera and the
patient can introduce errors. In addition, there is a possibility that muscle mass can
obstruct the visibility of the spine in the sagittal plane [13].
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4.1.2.2 Visual Inspection

Visual observation is one of the most widely used postural assessment methods used
in clinics today [15], and is generally used as an initial assessment of the spine [12].
However, due to being highly subjective and user-dependent, it has low reliability
and reproducibility, making it unsuitable as a scienti�c measure [15].
An example is theplumb line method, which is an a�ordable and simple approach
where standing posture is examined using body landmarks to imagine a vertical
plumb line through the midline of the body [27][30]. While it demonstrates high
intra-rater reliability, it is prone to movement errors [13]. As it is a purely visual
method, it also provides no quantitative data [30].

4.1.2.3 Flexiruler

The �exiruler is another common method for static posture evaluation in the sagittal
plane [8][13]. It is a simple method, where a �exible ruler, a so-called�exiruler , is
positioned along the back to trace the thoracic and lumbar contours (see Figure4.2).
These contours are subsequently drawn onto paper, where angles and the kyphosis
index can be calculated [15].
It is considered an objective method [13] and has shown intra-tester reliability [8].
However, no inter-tester reliability was found in one study [31]. There are also issues
with inaccurate estimates due to manual errors, and the process is laborious and
time-consuming [8]. Nevertheless, a strong correlation has been reported between
�exiruler measurements and surface and radiographic measurements to measure the
curvature of the lumbar spine [13].

Figure 4.2: Measurement of lumbar spinal curvature using a �exiruler.
Note. Reproduced with permission from Hecimovich & Reid (2015). Source:

https://doi.org/10.13140/RG.2.1.4539.1844.

4.1.2.4 Goniometry

Digital goniometers are considered one of the gold standards for kinematic assess-
ment [5] and for measuring joint range of motion (ROM) [13]. They enable measure-
ment of the angle of movement of a body segment and consist of two rods, rotatable
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by 360°, which can be placed at the centre of a joint [15] (see Figure4.3) . They are
easy to access and use, but their accuracy depends largely on the expertise of the
assessor [5]. Although goniometers can be used to determine 3D coordinates and
spinal curvatures, and have previously been used clinically, their area of use is also
limited due to bulkiness [32].

Figure 4.3: Goniometer. Note. From Goniometer by Jooja, 2020, Wikimedia Commons

(https://commons.wikimedia.org/wiki/File:Goniometer-en.svg ). Licensed under CC

BY-SA 4.0.

4.1.2.5 Inclinometer

The inclinometer is a pendulum-based device that measures the angle of inclination
and vertebral elevation [15], providing an estimate of the angle between the body
and the gravity line. For example, to assess lumbar spine motion, thedouble incli-
nometer (DI) technique can be used, where one inclinometer is placed at the upper
lumbar spine (T12/L1), and a second one is placed at the lower lumbar spine (S1).
The di�erence between these angular measurements relative to gravity indicates the
angular position of the lumbar spine [8].

Inclinometer results can be directly compared with X-ray scans. They are a�ordable,
widely available, and have shown proof of inter- and intra-tester reliability. However,
like other non-invasive methods, they are time-consuming and prone to human error
[8].

4.1.2.6 Kyphometer

A kyphometer is used to measure thoracic kyphosis [33]. It consists of a protractor
with two parallel arms that are placed over spinal landmarks; see Figure4.4. It
is simple to use, a�ordable, and has shown good correlation with the goniometer
and the �exiruler methods. However, it is less readily available and unsuitable for
real-time measurements [8].
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Figure 4.4: Measurement of Cobbs angle of kyphosis using a kyphome-
ter. Note. Reproduced with permission from Katzman et al. (2016). Source:

https://www.researchgate.net/�gure/295939358

4.2 Novel Approaches for Postural Assessment

This chapter presents novel approaches for the assessment of human body posture,
which can be categorized into camera- and sensor-based methods.

4.2.1 Camera-Based Methods

Camera-based postural assessment methods use imaging devices or cameras to cap-
ture photos or videos, which are then processed by computer vision or machine
learning algorithms to extract clinically relevant information. These approaches are
classi�ed as non-invasive methods [34].
However, camera-based methods place speci�c demands on the test environment.
For example, light must be adequate, the background must not be too complex, and
the image quality must be high [34]. Some primary limitations include occlusion
and spatial constraints [35]. Another issue to consider is the privacy of the subject,
as there are con�dentiality issues associated with using cameras to collect images or
videos of a patient [2].

4.2.1.1 Optical Motion Capture Systems

Optical motion capture (MoCap) systems use 4 to 32 cameras to record images or
videos that can be used to determine body movement or posture. The cameras
feed image data to a computer, where it is processed and analysed [36]. Typically,
reference markers are placed on the body, and the cameras capture their motion and
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orientation in 3D space to determine joint centres and anatomical landmarks [27].
At least two cameras per marker are required to get an accurate determination of
its 3D position [36].
Although highly accurate, MoCap systems have several limitations that restrict their
clinical use. Marker placement can be time-consuming [36], and a recurring issue
has been the creation of reliable models for skin marker placement [27], partly due
to the presence of soft tissue artifacts [37]. Moreover, marker-based technologies
require controlled environments to collect accurate data [36], limiting them to lab-
oratory settings [5]. Exposure of body areas where markers are attached can also
potentially cause discomfort to the test subject [37]. In addition, MoCap systems
are substantially more expensive than other alternatives, as they require multiple
cameras and involve high computational demands [2].
Despite these drawbacks, motion analysis systems are frequently used to investi-
gate walking, but rarely for posture assessment [27]. Still, optical motion capture
is considered a gold standard and is commonly used as a ground truth in research.
However, due to impracticality and high costs, MoCap systems are considered un-
suitable for routine use in medical clinics [36].

4.2.1.2 Kinect

Kinect® was launched by Microsoft Xbox in 2010 as a video game device, using
two PrimeSense cameras [36]: one RGB camera for colour and one infrared (IR)
camera for depth [13], seen in Figure4.5a. It is a three-dimensional, markerless
MoCap system, which generates a 25-joint skeleton (Kinect v2) (see Figure4.5b)
[38] picturing the user in real time [36]. This is achieved by projecting a speckle
pattern with a laser light source and analysing its deformations [13]. The data
are subsequently processed using a randomized decision forest algorithm for feature
extraction to determine anatomical landmarks [37]. To function as a MoCap system,
Kinect must be paired with dedicated software [36].
The main advantages of Kinect are its simplicity and low price point, as no additional
equipment is required apart from the system itself. While the absence of markers
makes it easier to use, it results in reduced tracking accuracy compared to marker-
based methods. It is therefore most suitable for tasks where high accuracy is not
essential [36]. Nevertheless, Kinect has already been used in clinical applications
to measure back surface and posture. In scoliosis research, it has demonstrated
excellent validity and reliability compared to an optical MoCap system [13], and
has been deemed acceptable for clinically diagnosing gait and postural disorders
[39].
The second generation of Kinect (v2) includes several improvements compared to its
predecessor (v1), such as a wider �eld of view and enhanced image resolution and
recognition through an increased number of pixels [39]. Despite this, there has been
no substantial improvement of joint centre identi�cation. It should be noted that
the Kinect system was originally designed for game play, and that daily postural
tasks of interest in postural assessment, such as sitting or standing, may not be
tracked as accurately by the algorithm. Joint centre recognition accuracy can also
be a�ected by loose clothing, and may be less reliable in individuals with higher
body mass index (BMI) [38].
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(a) Xbox 360 Kinect system. (b) The 25 anatomical
landmarks (joints) de-
tected by Kinect v2.

Figure 4.5: Kinect system and joint skeleton.Note. Sub�gure (a) from *KinectSensor*

by Alphathon, modi�ed from a photo by James Pfa� (litheon), 2010, Wikimedia Commons ( https:

//commons.wikimedia.org/wiki/File:KinectSensor.png ). Licensed under CC BY-SA 3.0.

Several studies have evaluated the feasibility of using Kinect for clinical postural
assessment. Yeunget al. [40] investigated its feasibility to measure body sway,
speci�cally the total body centre of mass (TBCM), but reported o�sets in the Kinect
measurements that they hypothesized could be due to the system's limited resolu-
tion, accuracy, and sensitivity. The study also recognized the comparable accuracy
Kinect has shown to MoCap systems such as Vicon in previous studies, but con-
cluded that the accuracy and sensitivity of the Kinect system would need to be
improved for clinical use.
Su et al. [41] deduced that Kinect's depth information was inadequate and su�ered
from inaccuracy and instability in rotation angle measurements which caused large
errors, though they suggested it may be acceptable for clinical measurements where
a mean absolute error of 1.1-1.5° is tolerable.
Koda et al. [42] compared Kinect with the Spinal Mouse (see Chapter 4.2.2.2.1) and
found a poor correlation in the lumbar spine (r = 0.25), but a moderate positive
correlation in the thoracic spine (r = 0.56), leading them to consider Kinect a valid
measurement tool for the thoracic spine, but not for the lumbar spine.
Wiedemannet al. [43] compared Kinect with Vicon and observed a median di�erence
of less than 7.2° in upper joint angles and body inclinations, and up to 24.0° for
neck tilt.
Clark et al. [44] also reported deviations of the trunk �exion angle of 0.4-4° in
reaching tasks and standing balance tests compared to Vicon, yet deemed it use-
ful for clinical tests of postural control. In another study [45], Clark et al. used
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Kinect to measure trunk lean in subjects trained to have a 10° lateral lean, �nding
errors of high magnitude (> 2°), which improved to 0.8° following an individualized
calibration procedure.
It is important to note that in these studies, the trunk was modelled as the entire
spine in a single rigid segment. Additionally, other studies have explored ways to
increase Kinect's precision and reliability, for example by combining it with sensor
technologies [46][47].

4.2.2 Wearable Sensor Systems

Common sensor-based technologies include pressure sensors, distance sensors, defor-
mation sensors [2], accelerometers, gyroscopes, and magnetometers [34]. The devel-
opment of wearable sensors has been made possible by the recent miniaturization of
sensors and electronic circuits, particularly by the advancement ofmicroelectrome-
chanical systems(MEMS). In the past, sensor systems were too large and bulky
to be used for rehabilitation purposes [6]. Today, sensor technology can be made
wearable by integrating them into clothing or accessories that sit comfortably on
the body, which simpli�es measurements of the human body [5].
Sensor-based devices are highly accurate and sensitive to small changes in angle.
The technology itself is not new and has previously been utilized in rehabilitation,
sports, and ergonomics, both for the lower and upper body [4]. Their widespread use
allows the cost of sensors to remain low, due to the availability of commercial sensors
produced through batch manufacturing [6]. The main design objectives for wearable
sensor-based systems are generally to make them cost-e�ective, reduce their power
consumption, and maximize user convenience [48].
The choice of sensor is highly dependent on the speci�c application [2], but wearable
systems usually follow a similar architectural structure:

1. Physiological data sensing: the sensors that collect physiological and move-
ment data.

2. End-to-end data transmission: the communication hardware and software
that transmit data to a host device.

3. Processing, analytics, and visualization: the data analysis techniques
(signal processing and pattern recognition algorithms) used to extract body
movement and posture information from physiological and movement data [6]
[34][48].

Back-end support is usually provided by cloud environments, where data can be
stored long-term in a secure manner, and to reduced operating costs. They also
support big data analytics and data visualization, as well as the implementation of
machine learning toolboxes, which are useful in health monitoring applications [48].

4.2.2.1 Biofeedback

The ability to record and analyse the movement patterns of the spine provides valu-
able insights into what may be considered abnormal. The information can be used
to provide informed guidance on how movement patterns should be altered. To
facilitate this guidance, biofeedback is an attractive strategy to restrict certain
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movements or enforce desired movement patterns. Sensor systems utilizing aug-
mented feedback can provide real-time corrective sensory stimuli, which can alert
the wearer when it adopts postures that exceed angular thresholds that are prede-
termined as harmful [4][5].
Feedback is usually conveyed through three main modalities:audio feedback, such as
beep noises,haptic feedback, such as vibratory stimulus, orvisual feedback[4], such
as blinking LEDs or pop-up windows on a computer screen [4][7]. Among these,
haptic feedback is generally the most popular choice due to its discreetness and
�exibility [ 5]. In contrast, auditory feedback can be mu�ed by outside noise, and
visual feedback can obstruct user view, which is undesirable and could potentially
compromise safety in occupational settings [49].
Feedback can also di�er in timing. When delivered when a task has been completed,
it is de�ned as terminal feedback, and if it is given simultaneously to the task, it is
known asconcurrent feedback. Concurrent feedback is considered the most ideal, as
it encourages immediate change, increases postural awareness, and induces instant
reduction in musculoskeletal overload.
Currently, sensor systems used for this purpose are often in the prototype stage, as
commercially available devices typically do not combine postural monitoring with
feedback [5]. Still, research has proven biofeedback to be e�ective in increasing
awareness of movement pattern aberrations and voluntarily controlling posture [7].
Although this feature is not directly within the scope of this thesis, it remains an
important and advantageous characteristic of wearable sensor systems.

4.2.2.2 Deformation Sensors and Smart Textiles

Advances in the �eld of material science have led to the invention of e-textile-based
systems, where sensors are integrated into the fabric of garments [6]. The defor-
mation or stretching of the material can be detected and used to determine the
movement patterns of the body [1]. For example, movement data can be collected
by printing conductive elastomer-based components onto fabric, so that during body
movements, the component will stretch, leading to a change in resistance which can
be recorded [6]. Other approaches, such as weaving electrodes into the fabric, have
also been explored.
Deformation sensors are generally easily accessible and inexpensive. However, some
key challenges that arise when designing clothing with integrated sensors are how to
adapt the garment to di�erent body sizes, ensuring wearer comfort, and maintaining
accurate calibration [2].

4.2.2.2.1 Epionics SPINE The Epionics SPINE system consists of two �exible
circuit board strips with 12 embedded strain gauge sensors each, which are placed
along the back according to Figure4.6. The embedded sensors measure electrical re-
sistance at 50 Hz, providing the bending angle of each segment [50][51] and enabling
an assessment of the sagittal curvature of the thoraco-lumbar spine [52]. The data
can be used to calculate the range of motion (RoM) and range of kinematics (RoK),
thereby assessing spinal mobility. In a test group of healthy subjects, the system
has demonstrated high accuracy, with an average interclass correlation coe�cient
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