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ABSTRACT

Sleep is a fundamental activity for maintaining health; people usually spend one-
third of their time sleeping. The sleeping support system influences the spine
alignment and impacts musculoskeletal health, sleep quality, and overall comfort.
Previous studies suggest the sleeping support system should keep the spine in its
neutral shape so that the intervertebral discs can be unloaded and rehydrated. However,
limited studies have been conducted to measure spinal curvature in the position of
lying supine because the back is in contact with the bed, making it challenging to

observe. In addition, few studies have focused on disc loading in the supine position.

This study aims to understand the changes in spine alignment caused by sleeping
support. The internal stress was revealed through computational simulation. The
research results will help develop better sleeping support systems and improve sleep

health.

A novel device was developed to measure the spine curvature in the supine
position. This device contains a sensor tape and a tiny control box. The sensor tape
was constructed based on a chain of inertial sensors, and it is thin and flexible with
little influence on sleep posture. Sensors were assembled on self-developed flexible
circuit boards using surface mount technology to achieve low thickness and high
flexibility. Sensor data was read by the control box and sent to a computer by wireless
connection. A special algorithm was developed to restore sensor inclinations to
multiple arcs and connect them to curvature with high accuracy. The graphical user
interface was programmed to display the shape of the sensor tape in real-time. The
concept of axial tilt was introduced, the tilt angle can be displayed on the graphical

user interface in real-time, and any abnormally twisted sensor will have a red cross



warning on the graphical user interface. When measuring a circle with a diameter of

200 mm, the device's measurement accuracy is about 99%.

Experiments were conducted; volunteers lay supine on three mattresses with
different stiffness. They are named as hard, medium, and soft mattress; the indentation
load deflection of mattresses was 120, 42, and 20 Ibs, respectively. A cervical pillow
was used to support the craniocervical region. The curvature measurement device was
used for the measurement of the spinal curvature. Compared to the medium mattress,
experimental results show that the head was raised by 30.5 £15.9 mm, and the neck
was raised by 26.7 =14.9 mm if lying on the soft mattress. The lumbar lordosis fell

by 10.6 6.8 mm if lying on the hard mattress.

Finite element models were developed for biomechanical investigation. The
result of the computational simulation showed a 49% increase in the peak cervical disc
loading with the head-raised posture while lying on the soft mattress. High disc
loading is not conducive to disc rehydration, and this problem should be considered
when selecting a soft mattress. High peak contact pressures were observed if lying on
the hard mattress; high contact pressures may cause discomfort and skin ulcers.
Therefore, the hard mattress can be considered unsuitable for use. The computational
simulation discovered insufficient upper back support when using the cervical pillow.

This finding establishes a direction for product improvement.

In conclusion, novel devices were developed to address the gaps in existing
research, including a curvature measurement tape that can measure the covered back
in the supine position and a human finite element model to predict biomechanical
information. This study found that the torso sank deeper in the soft mattress, but the
head and neck sank less, resulting in a forward head position in the bed. The elevated

head and neck caused a 49% increment in cervical disc peak loading, while the same



pillow was used on the softer mattress. In that case, the head and neck support becomes
stronger and may negatively impact musculoskeletal health, so it is necessary to

consider using a softer or lower pillow.
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Chapter 1 Introduction

1.1 Background

Sleep is a fundamental activity for maintaining health; people usually spend one-third of their
time sleeping. When waking up from well sleep, the body and mind are full of energy; on the
contrary, poor sleep can lead to neck pain, back pain, listlessness, immune system disorders, and
other health problems. Sleep quality can be affected by the environment, sleeping support system,
lighting, temperature, humidity, and sound (Lan et al., 2017; Zhang et al., 2018). A proper sleeping
support system is a critical element of good sleep. In the lying position, the sleeping support system
carries the body weight and deforms both the body and the support. An ideal sleeping support
system should be able to support the human body appropriately. Sleep therapists usually use spine
alignment and pressure distribution as objective conditions for sleeping support evaluation (Fess
et al., 2015; Wong et al., 2019). The human back is curved; a too-hard sleeping support system
can not produce proper deformation to match the curve of the human back; the middle of the back
cannot touch the mattress, resulting in abnormal spine kyphosis (Haex, 2004). Also, a hard surface
results in concentrated and high pressure, subsequences induce discomfort, regional poor blood

supply, and a higher risk of pressure ulcers in bed-borne patients (Stausberg et al., 2010).

On the other hand, sagging support results in discomfort and poor sleeping quality (Haex,
2004). Lateral and supine sleeping positions are the most common sleeping positions. The back is
exposed in a lateral position and can be visually observed and measured by a camera or 3D scanner.
Hence, the spine alignment in the lateral position has been widely studied (Leilnahari et al., 2011,

Verhaert et al., 2012). While in a supine position, the back is contacted with the sleeping support



system and is hard to measure. There is challenging to develop an effective tool for measuring

spine curvature in the supine position (Wong et al., 2019).

Measurement of the spine curvature is necessary for various fields such as ergonomic design,
rehabilitation, physical therapies, and orthopedics. The accessibility of the spine from the body
back is not always practical. In the ergonomic design of the body support system for sleeping,
maintaining normal spinal curvature is one of the most critical factors contributing to the design's
reasonability. In the case of lying on the side, it is easy to measure the spine curvature (Wong et
al., 2019); however, there have limited tools for direct curvature measurement in the case of lying
on the back. X-ray, CT, and MRI could capture the spinal curvature in the back-covered situation
and are commonly adopted in the medical treatment courses of spine disorders (Voinea et al.,
2017), but with the shortcomings of patient radiation exposure. Photoelectronic, ultrasound, and
other optical systems could accurately measure spine curvature, but they are commonly bulky
systems involved and require total back exposure (Pivotto et al., 2021; Ran et al., 2020; Zhou et
al., 2020). The customized indentation bars penetrated the mattress can obtain the approximated
spine curvature (Zhong et al., 2014). But this method increased the experiment's difficulty and
brought the experimental results' bias due to the thickness and hardness of the custom-made

indentation bar.

Finite element methods were used for biomechanical analysis of sleep and spine injury.
These studies provide useful biomechanical information on the deformation of the human body
under different input conditions, especially the predictions inside the human body, which are
challenging to obtain with traditional measurement methods. This study will refer to previous
studies and integrate the human model and sleeping support system to reveal the interaction of the

body and sleeping support systems in the lying position.



1.2 Project Significance

This study will understand the changes in spine alignment caused by sleeping support. The
internal stress will be revealed through computer simulation. The research results will help develop

better sleeping support systems and improve sleep health.

1.3 Research objective

Based on these premises, the current study aimed to apply new technologies in biomechanics
study for investigation of the internal effect of the human body on sleep and neck pain prevention

based on spine alignment, including:
1) To investigate the spine alignment in the supine position.

i. Device development: A wearable curvature measurement tape to obtain the spine

alignment in the supine position;

ii. Experiment: Sleep on different stiffnesses of mattresses, using the spine alignment

sensor to obtain the spine parameters in the supine position for further analysis;

iii. Material test: Use a plastic tensile test machine to evaluate mattress and pillow

materials' compressive properties for further analysis.

2) To understand the internal load transfer of the human body with different spine alignments

using computational methods.

3) To provide guidelines for the optimal design of sleeping support systems.



1.4 Outline of this thesis

Chapter 1 includes a general overview of sleep, measurement of spinal alignment, finite
element analysis of internal human loads, and biomechanical effects of sleep support systems on
the human body. This chapter also summarizes the current state of research on related issues. The

final part of the chapter develops a problem statement that presents the project's overall value.

Chapter 2 reviews the existing research and literature. This part reviewed the basics of the
spine's anatomy and function, including the spine's basic mechanics formed by the connections of
vertebrae and intervertebral discs, the ligaments and facet joints that stabilize the spine, and the
muscles that can change the shape of the spine. The second part of this chapter covers
understanding sleep function, sleep support systems, sleeping positions, spine deformation in lying
positions, and spinal alignment measurements. The musculoskeletal health problems associated
with sleep, including neck and low back pain, were reviewed in part three. Part 4 of this chapter
reviews the application and methods of computer algorithms in musculoskeletal health. The last
paragraphs of this chapter reveal research gaps to guide the initiative for upcoming work in the

research.

Chapter 3 describes the methodology of this study. This study includes three main elements.
First, a curvature measurement tape that integrates multiple inertial sensors was developed. This
thin, flexible sensor tape can measure spinal curvature in the supine position. The design concept,
hardware fabrication, software development, calibration, evaluation, and validation were
described. The second part of this chapter describes the experimental design, including volunteer
information, materials, equipment, experimental procedures, and acquisition parameters. The last

part of this chapter stated the development procedures of the finite element model, including the



construction of the human body model, creation of the sleep support system, meshing, boundary

and loading conditions, and verification of the model.

Chapter 4 presents this study's results, including experimental results obtained by the
curvature measurement tape and biomechanical information predicted by the finite element

method.

Chapter 5 discusses the research results, including the device's performance and the reasons
that caused the experimental and simulation results. Research limitations and future directions of

work were presented in this chapter.

Chapter 6 concludes the study with the findings and conclusions of Chapters 3, 4, and 5.



Chapter 2 Literature review

2.1 Spine

The spine is the axial structural of the human body. It has weight-bearing, shock absorption,
protection, and sports functions. The spine connects to the head to provide nutrition, nerve signals,
and biomechanical support. The human spine mainly includes vertebrae and intervertebral discs;
the spine structure is stabilized by ligaments and facet joints, supporting the trunk and protecting
internal organs. The entire spine is divided into several segments, including seven pieces of
cervical vertebrae, twelve pieces of thoracic vertebrae, five pieces of lumbar vertebrae, and the
sacrum and coccyx. Humans' five sacrums and four coccyxes were fused, called "false vertebrae."
The vertebrae have a spinous process protruding to the dorsal side, which can be felt
subcutaneously on the midline of the back and is one of the critical signs of meridian positioning.
A longitudinal spinal canal inside the spine contains the spinal cord and its membrane. An adult
spine has a double S-shaped curve in the sagittal plane. If observed through the sagittal plane, the
spine has four physiological curves: cervical lordosis, thoracic kyphosis, lumbar lordosis, and
sacrum kyphosis. The curvature of the spine that protrudes forward from the neck and waist is
called lordosis, while the opposite protruding chest and tail are called kyphosis. The spine is

flexible, shock-absorbing, and provides strong support for humans who walk upright.

2.1.1 Anatomy

A spine is constructed by five regions: Cervical, Thoracic, Lumbar, Sacral, and Coccyx. The

anatomical structure of the spine consists of several complex structures, including vertebrae, facet



joints, intervertebral discs, spinal ligaments, muscles, spinal cord, and nerves (Vital & Cawley,

2020).

The accumulation of vertebral bodies forms the front of the spine, and its front is adjacent to
the internal organs of the chest and abdomen. It not only protects the organs themselves but also
protects the nerves and blood vessels leading to the organs. There is only a thin layer of loose

tissue between them.

The back of the spine is composed of the arches, laminae, transverse, and spinous structures
of each vertebra. They are connected to each other by ligaments, and the superficial surface only

covers muscles, which are relatively close to the body surface and easy to touch.

2.1.1.1 Bones

The vertebral column is typically composed of 33 bony vertebrae (Figure 2.1). During
evolution, the five sacrums and four tail bones were fused. The upper segment of the spine consists
of 24 moveable vertebrae, including seven pieces of cervical, twelve pieces of thoracic, and five
pieces of lumbar. The separated vertebrae are cushioned by intervertebral discs, except for the first
and second vertebrae. The vertebral column forms an axial skeleton with a skull and ribs. Many

ligaments, tendons, and muscles support the spine, giving it flexibility and a wide range of motion.

Except for C1 and C2, a vertebra consists of the vertebral arch and the vertebral body. The
vertebral arches face the person's back. The vertebral body and the vertebral arch form the vertebral

foramen that accommodates the spinal cord. Vertebrae can protect the fragile spinal cord.
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Figure 2.1. The spine (Mcgillion, 2022).

A human cervical spine consists of seven vertebrae (Figure 2.2). The dimensions of human
cervical vertebrae are generally smaller than thoracic and lumbar vertebrae. The morphological
characteristics of the first (C1) and second (C2) vertebrae closest to the skull differ from other
typical vertebrae. The unique structure enables the head to rotate and swing flexibly. The
remaining five cervical vertebrae have corpuscles that connect with the intervertebral discs, facet

joints, and soft tissues.
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Figure 2.2. Left lateral view of cervical vertebrae (Gilroy et al., 2020).

The thoracic spine is in the middle part of the spine, located between the cervical and lumbar
vertebrae (Figure 2.3). Humans have twelve thoracic vertebrae (T1-T12); the thoracic vertebrae
have a larger size than the cervical vertebrae and smaller than the lumbar vertebrae. The one near
the cervical spine is smaller, and that near the lumbar vertebrae is larger. The sides of the vertebral

bodies are connected to the ribs. The mobility of the thoracic spine is usually less.
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The ribcage is connected to the thoracic vertebrae. It forms a semi-rigid bone and cartilage
structure from costal cartilage, sternum, etc., which has the primary ventilation function in the
respiratory system and protects organs such as the heart, lungs, and large blood vessels. Because
the thoracic cavity has significantly reduced intersegmental mobility, the magnitude of thoracic

spine mobility is much lower (Vital & Cawley, 2020).

The lumbar spine is situated below the thoracic spine and above the sacrum (Figure 2.4). It
consists of five large vertebrae (L1-L5). They have no transverse foramen within the transverse
process and no facet joints on either side of the body. The robust lumbar vertebrae help support

the body's weight and allow movement of the torso.
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Figure 2.4. Left lateral view of lumbar vertebrae (Gilroy et al., 2020).
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The sacrum is situated below the lumbar spine and is attached to the pelvis on both sides
(Figure 2.5). The adult sacrum consists of five fused bones. The sacrum has a complex structure

that supports the spine and accommodates the spinal nerves.
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Figure 2.5. Left lateral view of the sacrum and coccyx (Gilroy et al., 2020).

The coccyx is the last segment of the spine and is the remnant of a degenerated tail (Figure
2.5); it consists of 4 coccygeal vertebrae fused. The coccyx is connected to the sacrum by

fibrocartilaginous joints, allowing limited movement between the sacrum and the coccyx.
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2.1.1.2 Intervertebral discs

The intervertebral disc is a fibrocartilage disc; intervertebral discs connect most vertebrae.
The intervertebral disc can be compressed and deformed so the spine can move between certain
angles. This tissue can absorb shocks and act as a biomechanical protector for the spine, brain, and

other structures, such as nerves. There are 23 intervertebral discs in adults.

The intervertebral disc is generally constructed in two parts (Figure 2.6). The surrounding
part is a dense tissue aligned in concentric circles by several layers of radial and annular collagen
fibers and elastic fibers, namely annulus fibrosus. It is high toughness and connects each
vertebrae's body. The annulus fibrosus has high flexibility, binds each vertebral body, protects the

nucleus pulposus, and prevents it from protruding to the periphery.

Nucleus pulposus

Figure 2.6. The sectional view of an intervertebral disc (Drake et al., 2020).

The central part of the intervertebral disc is the nucleus pulposus, which is the remains of the
notochord during the embryo. The nucleus pulposus is somewhat soft, elastic, and resembles a
semi-liquid gelatinous substance. Their ingredients are mainly polysaccharides and water. The
nucleus pulposus is filled between the upper and lower cartilage plates and the annulus fibrosus,

which can cushion the impact and stress of the spine.
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Intervertebral discs do not have blood vessels, and the vertebral body provides nutrition
through penetration. Intervertebral discs can rupture the annulus fibrosus due to aging, trauma,
poor posture, overwork, muscle tension, tendon inflammation, and improper force. When the
annulus ruptures, the nucleus pulposus easily protrudes posteriorly and protrudes into the spinal
canal or intervertebral foramen, compressing the adjacent spinal cord or nerve roots, causing back

pain, numbness, and pain in the hands and feet.

The central area of the disc is liquid, allowing the disc to absorb shock and change shape.
(Adams et al., 2009). With age, the fluid area of the nucleus pulposus shrinks, and the pressure
drops. The annulus fibrosus around the intervertebral disc is more prone to stress concentration
with the change of spinal posture. Degeneration of the intervertebral disc is exacerbated by
sustained loading or injury (Adams et al., 2009). Previous studies have found that the lumbar
intervertebral discs lose and regain about one-fifth of their water per day (Botsford et al., 1994).
Most of the water loss occurs due to the load on the intervertebral discs caused by daytime
activities. Long-term dehydration causes loss of intervertebral disc height (Race et al., 2000).
Therefore, it is critical to be unloaded at night to rehydrate intervertebral discs. The strength of the
external load and how it is applied influence the growth and recovery of the intervertebral disc
(Huysmans et al., 2006). Although limited to the measurement of lateral position, maintaining the
spine in a neutral posture to minimize the load on the intervertebral disc is the goal of sleep research
(Leilnahari et al., 2011). Therefore, this study aimed to minimize disc loading during sleep for

systemic optimization.
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2.1.1.3 Facet joints

The facet joints are a pair of synovial plane joints between the articular processes of two
nearby vertebrae. An intervertebral disc and a couple of posterior facet joints connect the spinal
segments. Hence, the vertebrae are linked by three supporting points. The three supporting points
affect each other, and the degenerative changes of one joint will affect the entire complex biology
(Perolat et al., 2018). The facet joints are wrapped by the facet capsule ligament (FCL) (Bermel et

al., 2018).

2.1.1.4 Ligaments

Ligaments are a layered structure that mainly contains structural collagen fibers. Usually,
they are surrounded by intercellular material of elastin, reticulin, and ground material (Fung, 1993).
Inside the ligaments, collagen fibers are arranged in parallel bundles to support tensile loads

(Figure 2.7).

Ligaments prevent extreme movements, stabilize the vertebrae and protect the underlying
structures (Haex, 2004). There is three-axis mobility between the vertebral bodies. The ligament
structure (including the intervertebral disc and bone restraint) is the structure that stabilizes the
motion between the vertebrae and restricts the limit of the action between the vertebral bodies. In
particular circumstances, such as minor trauma or significant trauma, the movement between the

vertebral bodies can exceed the constraints of the ligament structure.
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Figure 2.7. Spinal ligaments (Gilroy et al., 2020).

The anterior longitudinal ligaments (ALL) develop vertically along the length of the spine
and are the primary structure supporting the intervertebral joints. The ALL firmly connects the
anterior surfaces of each vertebral body. Its function is to limit extreme positions of spinal
movement. It relaxes when bending over and is tensioned when bending backward. It also protects

the intervertebral disc from being moved from its original location (Vital & Cawley, 2020).

Ligamenta flava (yellow ligaments) also acts to protect the spinal canal (Vital & Cawley,
2020). The yellow ligament connects the laminae of two adjacent vertebrae. The outer surface
appears to be short and overlapped by the lamina. The yellow ligament is elastic, supports the

spine in an upright position, and helps the spine recover after flexion.

Interspinous ligaments (intervertebral ligaments) are thin, membranous ligaments. This set
of ligaments connects the spinous processes of nearby vertebrae in the spine and extends from the

root to the tip of each spinous process. The function of the interspinous ligaments is to limit the
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curvature of the spine. (Vital & Cawley, 2020). This set of ligaments connected the yellow

ligament in front and met with the supraspinous ligament behind.

The intertransverse ligaments lie behind the previous ligament and join two adjacent
transverse processes after a vertical path (Vital & Cawley, 2020). The function of the

intertransverse ligaments is to avoid an overbend of the spine in the coronal plane.

The posterior longitudinal ligaments (PLL) develop vertically along the spine's length and
are the primary structure supporting the intervertebral joints. The PLL firmly connects the
posterior surfaces of each vertebral body. Its function is to limit extreme positions of spinal
movement. It relaxes when bending backward and is tensioned when bending over. It also protects

the intervertebral disc from being moved from its original location (Vital & Cawley, 2020).

The facet capsular ligament wraps around the facet joint pairs at the posterior of the spine. It
provides mechanical support for the facet joints and coupling and resisting the motion to help guide
relative movement between the articular surfaces (Ban et al., 2017). Capsular ligament instability

is thought to be one of the causes of neck pain (Steilen et al., 2014).

2.1.1.5 Muscles

Hundreds of muscles are connected between the spine and various body parts to realize the
function of biomechanical support and movement of the human body. Different muscles connect
complex physiological structures, including the head, upper limbs, lower limbs, abdomen, and
pelvis. The deep plane muscle group consists of the interspinous and intertransverse muscles. The
segmental muscles are located between the spinous and transverse processes, respectively. The
midplane muscle group consists of the serratus posterior—upper and lower. The serratus posterior

superior is located between the spinous processes of the posterior two cervical vertebrae and the

17



spinous processes of the anterior two thoracic vertebrae and the first rib. The superficial muscle
groups consist of the trapezius, rhomboids, and latissimus dorsi, which are the mobilizers of the

spine and shoulder girdle (Vital & Cawley, 2020).
Major spinal muscles include:

Back muscles: The back muscles are anatomically divided into two layers (Figure 2.8). The
back muscles close to the body surface are the superficial muscles, including the suboccipital
muscle, latissimus dorsi, trapezius muscle, levator cap muscle, rhomboid muscle, and serratus.
These muscles are located in the superficial back layer; their primary function is to exercise the
shoulders and assist breathing. The role of deep muscles is to control and maintain the spine's

shape.

Suboccipital muscles: They are four pairs of muscles located in the area below the triangle

occiput. These muscles connect the jawline and provide the function of head extension and rotation.

Trapezius: The trapezius muscle is attached between the occiput, shoulder bone, vertebrae,
and clavicle. This muscle group moves the shoulder bones and causes the head and neck to stretch,

bend and rotate laterally.

Latissimus dorsi: The function of the latissimus dorsi is the internal rotation, adduction, and

extension of the arm, and it also helps to breathe.

Scapularis muscle: The shoulder bone is lifted to rotate the shoulder joint and bend the neck

on the same side.
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Figure 2.8. Back muscles anatomy (Gilroy et al., 2020).

2.1.2 Range of motion

Due to the deformability of the intervertebral disc, the spine can change shape in multiple
axes and directions (Figure 2.9). Spinal movements include flexion, extension, lateral flexion, and
rotation. Spinal motion can be measured in range or degree of motion. All movements begin in a

neutral position as up straight standing with arms by the sides and eyes looking straight ahead.

19



Figure 2.9. The three axes of vertebral movements (Vital & Cawley, 2020).

As structural differences, spinal motion is expressed in segmental magnitudes. Sometimes it
is divided into several segments, including the upper cervical spine (Skull-C2), lower cervical,
thoracic, and lumbar. Results vary from study to study. Figure 2.10 shows an example of spinal
motion in the sagittal plane (Vital & Cawley, 2020). Overall, the cervical spine has the largest
range of motion, followed by the lumbar spine, and the thoracic spine has the smallest range of

motion since it is connected to the ribcage.

Skull-C1 Lower cervical spine Thoracic spine Lumbar spine

Figure 2.10. Range of motion in the sagittal plane (Vital & Cawley, 2020).
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2.1.3 Spine alignment and measurement

The human spine presents an "S shape™ in the sagittal plane (Figure 2.1), a masterpiece of
biomechanics. The unique bone structure allows humans to stand and move on two feet. The
function of waist bending enables a person to maintain the gravity center in the narrow area
between the feet, enhance energy efficiency and reduce gravity's effect on ligaments, muscles, and
joints (Diebo et al., 2015). Some parameters have been developed to evaluate and quantitively

represent the "S-shaped" spine curvature.

Spinal curvature can be measured by internal measurement or external measurement. For
example, internal assessment by medical imaging methods (Figure 2.11(a)), external measurement
with flexible curved tape (Figure 2.11(b)), inclinometers (Figure 2.11(b)) & Figure 2.11(c)), or
Microsoft Kinetic (Figure 2.11(d)). We consider spine parameters were defined in terms of ease
of sampling, reliability, and the purpose of the study. In general, the exposed back is easy to
observe and measure. Barrett et al. (Barrett et al., 2014; Yanagisawa et al., 2015) conducted a
systematic review of fifteen measurements of thoracic kyphosis. There are several methods
measurement methods developed for external measurement of spinal curvature, which include:
spinal mouse, manual inclinometer (Barrett et al., 2018), digital inclinometer (Bucke et al., 2017),
3D ultrasound (Lee et al., 2019), photogrammetry (D'Amico et al., 2017; Furlanetto et al., 2016),

and spinal wheel (Sheeran et al., 2010).
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Figure 2.11. Measurement of spine curvature in the sagittal plane. (a) Internal measurement by X-ray
(Totera et al., 2021); (b) External measurement by flexicurve tape (Hannink et al., 2020); (c) External
measurement by inclinometer (Barrett et al., 2013); (d) External measurement by Microsoft Kinect V2
(Hannink et al., 2020).

There are three natural curvatures from cranial to caudal in the sagittal plane: cervical
lordosis, thoracic kyphosis, and lumbar lordosis (Le Huec et al., 2019). In some cases, an angle
value is being used to express the corresponding curvature (Yanagisawa et al., 2015); they are
cervical lordosis angle (CLA), thoracic kyphosis angle (TKA), and lumbar lordosis angle (LLA).
An example of spinal angles is shown in Figure 2.12(a). In addition to the measurement of angles,
the curvature of the spine can be recorded and expressed in terms of the distance and depth of the
curvature. Different studies defined spine parameters on their own. For example, Figure 2.12(b)
shows the thoracic kyphosis height based on the vertebrae from C7 to L1, and the lumbar lordosis
height based on the vertebrae from L1 to the posterior superior iliac spine; Figure 2.12(c) shows
the thoracic kyphosis height based on the vertebrae from T2 to T12; Figure 2.12(d) shows the
thoracic kyphosis width based on the vertebrae from C7 to an undefined endpoint, and the lumbar
lordosis width based on the vertebrae from an undefined origin to S1 width; Figure 2.12(e) shows

the thoracic kyphosis height based on vertebrae C7 to T12.
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Figure 2.12. Spine parameters (a) Measurement of the thoracic kyphosis angle (TKA) from T1 to T11
and Measurement of the lumbar lordosis angle (LLA) from T12 to L5 (Barrey & Darnis, 2015); (b)
Measurement of thoracic kyphosis height from C7 to L1 and measurement of lumbar height from L1 to
PSIS (Hannink et al., 2020); (c) Measurement of thoracic width from T2 to T12 (Seidi et al., 2014); (d)
Measurement of thoracic width from C7 to an unspecified ending point and measurement of lumbar
width from an unspecified starting point to S1 (Hinman, 2004); (e) Measurement of thoracic width from
C7to T12 (Barrett et al., 2013).

2.1.3.2 Measurement of spine alignment by inertial units

In recent years, inertial measurement units have been used to measure the human body. With
the back in an unexposed state, the inertial measurement unit can measure the curvature of the
spine non-invasively and without radiation. A previous study (Wong & Wong, 2008) developed a
method for monitoring changes in sitting posture with accelerometers. A three-axis accelerometer
can be used to measure inclination, and multiple measurement units can be integrated to obtain a
rough spine curve. Voinea et al. (Voinea et al., 2017) created the pose of the human spine with the
tilt angles of five inertial sensors and a mathematical model, which can estimate and depict the
spine's curve. Stollenwerk et al. proposed a system containing five inertia units to capture the spinal

curvature. The dimensions of a single sensor are 3.3 cm < 1.6 cm > 1.0 cm. Five sensors were
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attached to the person's back and used to measure the curvature of the lumbar spine (Figure 2.13)

(Stollenwerk et al., 2018).

Figure 2.13. Back view of sensors placement (Stollenwerk et al., 2018).

These studies demonstrate that inertial sensors are suitable for measuring human curves;
however, these methods used a few sensor units and required complex algorithms or software
(such as AutoCAD) to obtain the spinal curvature. These designs did not propose the ability to
display curvature in real-time, and the algorithm could significantly affect the accuracy. The sensor
units they used were relatively large and thick, which influenced the accuracy of the spine
alignment curvature when the sensors were stuck to the human back for measurement in the supine

position.
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2.2 Sleep

Sleeping is a vital way for people to maintain health. People slept 7 to 9 hours daily
(Chaudhry et al., 2020; Walsh et al., 2020). A proper body support system for sleeping is necessary
for a night of high-quality sleep. Unreasonable body support will possibly decrease the quality of
sleeping, potentially resulting in a high risk of diabetes, high blood pressure, memory cognition,
and the immune system. The design and evaluation of the body support system, including the

mattress and pillow, are highly related to the biomechanics of the musculoskeletal system.

2.2.1 Sleeping environment and support

The indoor environment, bed, bedding, lighting, temperature, humidity, sound, etc., will
affect daily sleep (Lan et al., 2017; Zhang et al., 2018). The sleep support system undoubtedly

plays a significant role in sleep quality.

The sleeping support system is considered the most crucial factor affecting the physical and
mental quality of sleep (Haex, 2004). A typical sleeping support system is generally constructed
of a mattress and one or several pillows for head support. The body and the sleep support system
may be deformed when lying on the sleeping support system. A proper sleeping support system
should distribute the body weight to avoid local high pressure, and the spine should be able to

maintain a neutral shape to reduce musculoskeletal problems.

2.2.2 Mattress

The mattress is usually a rectangular pad to support the lying human body. It is used as a bed

or placed on a bed frame as a part of the bed. The mattress may be used on the bed frame as part
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of the bed, or it may be designed to be used directly as a bed. Mattresses have a certain degree of
elasticity. When a person lies on the mattress, both the human body and the mattress will deform
to a certain extent, thereby supporting the body's weight. The often-used elastic materials for
mattresses are foam materials, springs, or a combination of the two. The material properties can
vary considerably; it can be a personal preference, whether in a uniform stiffness or uneven zonal
support. Common mattress types identified by Sironi et al. are spring, gel, memory foam, latex,

and hybrid (Sironi et al., 2019).

Foam materials commonly used in the production of mattresses include polyurethane, latex,
memory foam, and gel foam. Materials vary in their bounce properties, heat dissipation capabilities,
and breathability. When subjected to compression, the foam material exhibits a stress-strain curve
with three regions; This is related to the resistance shown by the foam when a load or force is
applied to it. The shape of the different curve areas will reflect some essential qualities of the foam

related to the material's compressive or relaxation stress and strain behavior (Blackley, 2012).

Spring mattresses can also be built with different mechanical support properties in various
regions, such as softer shoulder areas or harder pelvic areas. The spring array inside the mattress
can be interconnected or individually bagged to allow independent deformation. The compressive
stress-strain curve generally appears as a straight line of a metal spring compressed in the elastic

region.

2.2.3 Pillow

Pillows are placed on the mattress for the head and neck biomechanical support to promote
sleeping comfort. The primary function of a sleeping pillow is to support the cervical spine, and

the ideal situation is to maintain the cervical spine in a neutral position (Frange & Coelho, 2022).
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A proper sleeping pillow can promote the preferred spine alignment, improving sleep quality and
duration. The position of the head and neck significantly impacts the overall quality of sleep. Past
research has shown that poor sleeping posture can stress the structures of the cervical spine.
Furthermore, in addition to disrupting sleep quality, poor cervical support may also be the source
of pain symptoms, including tension headaches, neck pain, shoulder pain, muscle stiffness, etc.
(Jeon et al., 2014; Radwan et al., 2015). Many studies have shown that promoting cervical lordosis
in its neutral curvature is essential for maintaining healthy sleep (Fess et al., 2015; Persson, 2009;

Ren et al., 2016).

Cotton, feather, polyurethane foam, and latex are commonly pillow-core materials. Various
materials provide different levels of support and permeability. For example, pillows filled with
down and feathers are looser and generally conform better to the head and neck contours; they are

also more breathable than polyurethane pillows (Haex, 2004).

The shape of the pillow is a critical element in pillow design as it contributes to the amount
of cervical support and the overall comfort of the user. Each user's most suitable pillow shape may
depend on the sleeping position (Radwan et al., 2020). Bread-shaped pillows are the most common.
The pillow core can be cotton, feather, foam, or a mix-up of materials. As technology advances,
profiled pillows that claim enhanced performance are becoming more and more popular. The B-
shaped cervical pillow is one of the representatives. This design supports the cervical lordosis with
the thick edge and evenly distributes the contact pressure. Some contour pillows were designed
with more complex three-dimensional shapes to achieve better cervical support; for example, the

one in Kim et al.’s research (Kim et al., 2016).

The height of the pillow directly impacts the alignment of the spine. Many kinds of research

on pillows have involved pillow height (Liu et al., 2011; Radwan et al., 2020; Ren et al., 2016).
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Kim et al. (2015) used photography to measure the cervical spine alignment of 16 subjects when
lying on their back. Comparing pillows with heights of 0, 10, and 20 cm showed that a pillow
height of 10 cm is the most suitable for maintaining the best cervical spine alignment (Kim et al.,
2015). However, the participant was lying on a rigid platform; the pillows with heights of 10 and
20 cm seemed stiff and could not be deformed during the skull weight (Figure 2.14). It likely
significantly increased the body's contact pressure, which may not be suitable for use in real life.
Similar results were presented by Sacco et al. (2015). They used three rectangular foam pillows
that could not be deformed, with heights of 5 cm, 10 cm, and 14 cm. The experiment results were
that 10 cm height was the most suitable. Ren et al. (2016) compared pillows with heights of 11,
13, 15, and 17 cm and tested the pressure distribution. The result was that a pillow height of 11 cm
resulted in the lowest cervical and skull pressure. They also used the finite element modeling
method to predict spine alignment. They found that as the height of the pillow increases, the spine
results in an anterior shift (upshift) (Ren et al., 2016). However, from their experimental photos, it
can be found that the pillow's height refers to the uncompressed elastic material (Figure 2.15). The

compressed pillow height that actually supports the head was never described.

L

Figure 2.14. Photographs of Kim's experiment using pillows of various heights in a supine position
(Kim et al., 2015).
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Figure 2.15. Craniocervical supports used in Ren's experiment (Ren et al., 2016).

Most existing research on pillow height did not consider the height change of the pillow after
bearing the weight of the human body. The pillow and the mattress were deformed by the human
body's weight (Figure 2.16). The compressed pillow height and mattress thickness are the height
that exactly supports the body. Pillow height before and after compression and related effects are

considered worthy of study (Radwan et al., 2020).
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Figure 2.16. Hllustration of a compressed pillow.

2.2.4 Spinal deformation in sleep

The spine shape may change from its original alignment in lying positions. In a supine or
prone position, the spine is deformed in the sagittal plane, which appears in spinal extension and
flexion (Figure 2.17). When lying on the side, the spine is bent in the coronal plane, which causes

lateral inclinations. In some postures, disc rotation may occur. For example, a prone posture
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usually turns the head sideward to improve breathing and increase neck rotation (Haex, 2004). Due
to the complex structure of intervertebral discs, the axial twist of discs is limited to about six

degrees; the increase in twist raises the nucleus pressure (Adams & Dolan, 2005).

Extension Flexion Lateral inclination  Rotation

Figure 2.17. The motion of the nucleus and annulus in spine deformation (Vital & Cawley, 2020).

2.2.5 Sleep postures

Humans change their sleeping posture in both conscious and unconscious ways. People likely
to change their sleeping posture about 25 times a night (Koninck et al., 1992). Changing the posture
can prevent soft tissues under overloaded pressure and avoid muscle stiffness. The commonly

adopted sleeping postures are supine, left lateral, and right lateral. Sometimes prone is also adopted.

2.2.5.1 Supine position

The supine position is the most common and comfortable sleeping position (Lee et al., 2020;
Su & Xu, 2017). In a supine position, the body lies on its back and the face upward; A large surface
distributes the body loading, and the contact pressure can be low. The sleeping support system is
interactive with the body; In an ideal status, the lumbar spine should maintain a position between

a smoothed lordosis and slightly flattered. However, while lying in too-hard support, the lumbar
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spine can't keep smoothening and has no contact between the lower back and the mattress (Haex,
2004). In contrast, when lying on a too-soft sleeping support system, the weight-concentrated
region sinks deeply into the mattress, resulting in unnatural lumbar kyphosis (Haex, 2004). In the
supine position, the back is contacted with the sleeping support system, that the covered back is

challenging to observe.

2.2.5.2 Lateral position

Lateral position is another sleep posture humans usually adopt. This position can support the
human spine in a proper way when the sleeping system and pillow are well-conceived (Haex,
2004). The human body may be deformed in the coronal plane. In contrast, the spinal curvatures
in the sagittal plane, including cervical lordosis, thoracic kyphosis, and lumbar lordosis, can be
maintained in their neutral shape. However, the spine faces lateral deformation under incorrect
supports. When people lie on a hard mattress, only the vast areas of the body can be supported,
such as the shoulder and pelvis. Suppose the shoulders and pelvis cannot sink into the mattress. In
that case, the support of the cervical spine and back will be poor, and the shoulder joints and hips
will undergo high pressure on the contact surface, resulting in pain and joint stiffness (Figure

2.18(a)) (Leilnahari et al., 2011).

In contrast, a mattress which too soft can lead to the pelvis area sinking deeper into the
mattress and result in the cervical vertebrate C7 being higher than that of the pelvis (Figure 2.18(b))

(Leilnahari et al., 2011).

Comparing the soft and hard mattresses, the custom-made mattress with different stiffness
elements trends supports the body better. It can maintain the spine in the neutral alignment (Figure

2.18(c)) (Leilnahari et al., 2011).
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(@)

Figure 2.18. Images of a participant lateral lying on different mattresses mattress (Leilnahari et al., 2011).
(a) Lateral lying on a firm mattress; (b) Lateral lying on a soft mattress; (c) Lateral lying on a custom-
made.

2.2.5.3 Prone position

Prone sleep position has been defined as the most unfavorable posture concerning the back
support (Haex, 2004). Gravity sinks the heaviest middle part of the body deep into the mattress.
Still, the legs remain stretched, which causes a significant increase in lumbar lordosis significantly

and leads to the rise of the facet joint pressure at the posterior side (Twomey & Taylor, 1983).

2.2.5.4 Detection of sleep positions

A night of healthy sleep requires several major posture changes throughout the night
(Koninck et al., 1992; Verhaert et al., 2011). The literature on sleep posture, especially in the first
half of this century, is mostly anecdotal or based on clinical speculation (Koninck et al., 1992). A
camera was used to take a frame every 8 seconds, record the sleeping position, and score the four
parts (head, torso, legs, and arms) to observe the development of human sleep posture and posture
changes. Frequent sleeping position changes indicate poor sleep quality, such as keeping a sleep

posture for less than 15 minutes (Koninck et al., 1992).

Liuetal. (2014) propose a design that uses bed sheets with pressure sensors and an algorithm
framework for recognizing and monitoring sleep posture. The bed sheet system adopted textile

sensors to generate high-resolution pressure distributions. This study proposes a framework for
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pressure graph analysis for monitoring sleep posture, including a set of geometric features for sleep
position recognization and 3-sparse classifiers for posture characterization. Their method achieved

an accuracy of 83.0% on average (Liu et al., 2014).

In recent years, some studies have mentioned the use of acceleration sensors for sleep posture
measurement, which has high detection accuracy (Jeng & Wang, 2017; Jeng et al., 2021; Yoon et
al., 2015). For example, Yoon et al. used an acceleration sensor attached to the chest (Figure 2.19)

to achieve a detection accuracy of 99.16% (Yoon et al., 2015).

Figure 2.19. The device used and attached position of Yoon's research (Yoon et al., 2015).

2.2.6 Spine alignment in sleep

Keeping the spine in its neutral shape is considered the optimal spinal alignment during sleep
(Radwan et al., 2015; Verhaert et al., 2011; Wong et al., 2019). The muscles can be relaxed, and
intervertebral discs can be restored from daytime pressure. If the spine is unloaded at night and
supported by its natural physiological shape, it should be able to recover from daily activities (Haex,

2004; Verhaert et al., 2011). For a side-sleep posture, when projected into the frontal plane, the
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optimal support makes the spine a straight line to achieve symmetrical spine loading (Gracovetsky
& Farfan, 1986). Figure 2.20(a) shows an ideal spine alignment for lateral lying (up), possible
malaligned spine while lateral lying on too-soft sleeping support (middle), and possible spine

alignment while lateral lying on a firm sleeping support system (low).

Figure 2.20. Preferred spine alignment in the lateral and supine positions (Theirl & Collentro, 2020). (a)
Preferred spine alignment in lateral position (up), incorrect sleeping support (middle and low); (b)
Preferred spine alignment in a supine position (up), incorrect sleeping support (middle and low).

The definition of the neutral spine alignment in the supine position is challenging. Some
studies suggest the spine is slightly straighter than standing (Verhaert et al., 2011). Assuming that
the gravity-induced compression in vertical standing is counteracted, the spine in the supine
position is slightly flatter than in the standing position, which is considered ideal spine alignment.
However, some studies consider the different forces on the spine when standing and lying (Wong
et al., 2019). The author believes that the ideal spinal alignment for supine sleep can be referred to
in free-floating conditions. Flotation therapy has also been shown to bring responses of relaxation,

such as zero-gravity and reduced muscle tension (Dierendonck & Nijenhuis, 2007). However,
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based on the perspective of biomechanics, it can be considered that the neutral curvature of the
spine (CLA, TKA, & LLA) in the lying posture should not be greater than in a standing position
because it is considered to relieve the compression loading caused by gravity. Figure 2.20(b)
illustrates the preferred spine alignment for the supine position (up), possible malaligned spine
while lying on too soft sleeping support (middle), and possible spine alignment while supine lying

on a firm sleeping support system (low).

2.2.6.1 Measurement of spine alignment in the supine position

Since the back is contacted with the sleeping support in the supine position, there are limited
tools for measuring spine alignment in the supine position. MRI, CT, and X-ray could capture
spine curvature in back-unexposed conditions and are commonly adopted in the medical treatment
courses of spine disorders (Brink et al., 2017; Voinea et al., 2017), but with the shortcomings of
patient radiation exposure. Optoelectronic, ultrasonic detectors, and optical measurement systems
could accurately measure spine curvature, but they are commonly constrained to bulky devices

and require total back exposure (Pivotto et al., 2021; Ran et al., 2020; Remondino, 2004).

The gold standard for quantifying the spine parameters is the use of lateral
radiography(Fortin et al., 2011; Hasegawa et al., 2018). Medical imaging such as CT and MRI can
clearly understand the spine in any lying position. However, the participants must be exposed to
potentially harmful radiation environments, which involves high costs. Medical imaging methods
are not convenient for clinical applications of spine assessment in sleeping due to the radiation
damage, price, and size of the sleeping support system. Therefore, researchers have developed
various non-radioactive methods to measure the angle of the spine in sleep positions (Barrett et al.,

2014).
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For spine curvature measurement in the supine position, a set of custom-made indentation
bars was assembled into the mattress (Figure 2.21) (Zhong et al., 2014). However, this method
increased the cost and difficulty of the experiment. The measurement resolution is low, and the
experimental results can be biased due to the thickness and rigidness of the custom-made

indentation bar.
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Figure 2.21. Indentation bar system for spinal curvature measurement (Zhong et al., 2014).

2.2.6.2 Measurement of spine alignment in the lateral position

Since the back is exposed while lying on the side, it greatly facilitates the measurement of
morphology. Various optical tools can obtain spinal alignments, such as optical cameras (Figure

2.18), 3D scanners (Figure 2.22), or motion capture systems. Therefore, the spine alignment in the
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side sleeping position is widely observed and used to optimize the sleep support system (Leilnahari

etal., 2011; Verhaert et al., 2012).

Figure 2.22. Illustration of back surface scanning (Verhaert et al., 2012).

2.2.7 Body pressure distribution

Contact pressure is a significant factor in evaluating sleep comfort. The pressure level can be
translated into (dis)comfort and pain. Surface force or pressure causes skin deformation and
triggers touch through mechanoreceptors. Excessive force triggers pain through nociceptive
mechanisms (Buckle & Fernandes, 1998). Pressure-sensitive mats are commonly adopted to
measure contact pressure between the sleeping support and the human body (Lee et al., 2015; Ren
et al., 2016). The measurement system aims to be highly flexible, thin, and have high resolution.
However, the sensor mat can spread the concentrated contact pressure and then underestimate the

peak pressure (Wong et al., 2019). Figure 2.23 demonstrated a pressure distribution graph in a
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supine position measured by a pressure-sensitive mat (Bodi Trak-1526, Vista Medical Limited,

Winnipeg, MB, Canada). The pressure-sensing mat consists of 1024 sensors (32 %32 points)

Figure 2.23. A graph of pressure distribution in a supine position.

2.3 Spinal musculoskeletal disorder

Spinal musculoskeletal disorders are more common in the neck and lumbar regions because

these two parts are more involved in the spinal movement than the thoracic region.

2.3.1 Neck pain

Spinal musculoskeletal disorders are common health problems affecting many people around
the world. The main syndromes of spinal musculoskeletal disorders include tissue stiffness, muscle
weakness, pain, and limited range of motion. The most common problems are neck pain and lower
back pain. It affects the spinal musculoskeletal system's health and causes dysfunction of the
spine's muscles, ligaments, tendons, joints, and nerves. Often, these diseases bring different types
of pain syndromes, limit the spine's range of motion, and even affect the function of the head and

extremities.

Biomechanical "wear and tear" has long been considered the leading cause of intervertebral

disc degeneration (Bakker et al., 2009; Batti€et al., 2009; Vergroesen et al., 2015). High loading
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is linked to disc degeneration and low back pain (Coenen et al., 2014; Kingma et al., 2014; Seidler

et al., 2009).

2.3.1.1 Prevalence of neck pain

Neck pain is a major health problem today. The annual prevalence rate exceeds 30%
(Hurwitz et al., 2018; James et al., 2018). Regardless of treatment, most acute neck pain episodes
can be relieved. Still, nearly half of individuals will continue to undergo some degree of pain or
frequent episodes, leading to disability. Diseases also harm human health and quality of life and

significantly impact individuals, families, health systems, and the social economy.

Neck pain is episodic pain, with varying degrees of recovery between attacks (Guzman et al.,
2009), and is considered one of the most durable musculoskeletal pain syndromes. Neck pain may
be related to serious conditions, such as neurological diseases, infections, obesity, tumors, cervical

spine fractures, or idiopathic neck pain of unknown cause (Mahmoud et al., 2019).

Previous studies have found that poor craniocervical spine posture during sleep can put
excessive loading on the cervical spine structure and affect sleep quality. Direct problems include

tension headaches, neck pain, shoulder pain, and muscle stiffness (Jeon et al., 2014).

2.3.1.2 Ligament injury and neck pain

Cervical capsular ligaments (Figure 2.24) are the primary tissue to stabilize the cervical spine.
They are located near the center of intervertebral rotation and provide essential stability in the
cervical, especially in axial rotation (Rasoulinejad et al., 2012). In dynamic mechanical studies, it
is found that the highest average peak force of the capsular ligament is as high as 220N (lvancic

et al., 2007). The cervical spine cannot be appropriately supported when the ligament is injured.
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Based on research on human cadavers, it is found that the transaction or injury of the joint capsule
ligament can significantly increase the rotation and lateral flexion of the neck (Nadeau et al., 2012).
The laxity of the cystic ligament can occur immediately in a single macro trauma or from a
microtrauma by repeated for the head’s bent or forward postures. In both cases, the cause of the
damage occurs through a similar mechanism, resulting in the laxity of the capsular ligaments and
excessive movement of the facet joints, which usually leads to instability of the spine in the

cervical region and damage to the intervertebral discs and facet joints. (Steilen et al., 2014).

Most chronic neck pain is believed to be caused by degenerated intervertebral discs and facet
joints (Cohen & Hooten, 2017). Therefore, the health of ligaments is associated with a considerable

amount of neck pain.

Subchondral
bone

Articular

capsule Synovial fold

(meniscus)

The layers of the Z joint are color coded as follows: light blue = joint space, violet = articular cartilage, brown = subchondral bone, orange = synovial lining of
articular capsule, peach = vascularized, middle layer of the capsule, gray = fibrous, outer layer of the articular capsule.

Figure 2.24. Anatomy of facet joints and capsular ligaments (Steilen et al., 2014).

Many works of the literature suggest that neck pain involves the degeneration of
intervertebral discs and facet joints (Cohen & Hooten, 2017; Damasceno et al., 2018; Genebra et

al., 2017; Kim, 2015; Peng et al., 2021). Some literature points out in-depth that the laxity of the
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capsular ligament is a major cause of cervical spine instability. The cervical ligament is very strong
and is the primary stable tissue of the spine (Quinn et al., 2007). Laxation of the capsular ligament
can happen immediately in a single trauma, such as a whiplash injury, or slowly develop in a
cumulative microtrauma, such as repeated bent or forward head postures. The cause of the injury
happens through a similar mechanism in both cases (Steilen et al., 2014). The injury leads to laxity
of the capsular ligament and excessive movement of the facet joints, which often leads to the
instability of the cervical spine. The long-term development of ligament laxity is defined as "creep”
(Figure 2.25), which represents the elongation of the ligament under repeated or constant stress

(Chen et al., 2009).
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Figure 2.25. Ligament laxity and creep.

2.3.1.3 Treatment for neck pain

The treatment of chronic neck pain in a nonpharmacologic way generally includes exercise,
physical therapy, laser therapy, massage, and acupuncture methods (Barreto & Svec, 2019).
Physical exercise intervention is considered to have a particular therapeutic effect on non-specific
neck pain (Price et al., 2020). However, the specific exercise mode, time, and intensity are

inconclusive (De Zoete et al., 2021). Therefore, dealing with neck pain remains challenging.

41



Some studies suggest that ergonomic pillows can manage neck pain (Radwan et al., 2020).
In a single-blind trial with a pre/post-test design, participants in the experimental group used
ergonomic latex pillows. In contrast, participants in the control group slept on their commonly
used pillows. After four weeks of the test period, participants in the experimental group had lower
scores on the Numerical Pain Rating Scale and the Neck Disability Index, suggesting that an

ergonomic latex pillow relieved neck pain (Fazli et al., 2018).

As a commercial practice, cervical pillows are advertised as helping to maintain a neutral
cervical spine curve while lying on the back, allowing muscles and ligaments to relax and return
to regular length. The cervical pillow may relieve neck pain by relieving and supporting tense
muscles in the neck and shoulders. However, a survey of 134 participants (Shields et al., 2006)
concluded that insufficient evidence could support the efficacy of cervical pillows for chronic neck

pain.

2.3.2 Low back pain

Severe back pain is most common in the intervertebral discs, epiphyseal joints (also known
as facet joints), and sacroiliac joints (Adams & Dolan, 2005). Physical disruption of these

structures is strongly but distinctly linked to pain.

2.3.2.1 Prevalence of low back pain

Low back pain is a common health problem in adults, and its prevalence or incidence
increases with age. In some Western countries, the prevalence of low back pain ranges from 1.4%
to 20.0%; the incidence ranges from 0.024% to 7.0% (Fatoye et al., 2019). Risk factors include

age, gender, high-intensity physical activity, and high loading on the spine.
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2.3.2.2 Pathophysiology of low back pain

Low back pain typically comes from different causes. Common causes are myofascial pain,
lumbar facet joint degeneration, intervertebral disc problems, neurological symptoms, and spinal

stenosis (Urits et al., 2019).

Myofascial pain occurs more often after trauma or repetitive motion injury (Partanen et al.,
2010). The pain was characterized by trigger points in the fascia, tendons, or myofascial muscles

that, when stimulated, resulted in a pain response (Giamberardino et al., 2011).

Osteoarthritis of the lumbar facet joints or high pressure within the facet capsule may cause
facet-mediated pain (Bogduk, 2008). Patients are described as having a unilateral or bilateral

distribution of depth and pain.

39% of low back pain causes can be attributed to intervertebral disc-related pain (Comer &
Conaghan, 2009). Typically, the pain is generated from the lower back’s center and worsens during

sitting, driving, lumbar flexion, bending, twisting, and coughing (Bogduk, 2012).

Spinal stenosis is a degenerative change in the lumbar spine. The nerves and blood vessels

in the patient's lower back are compressed and cause pain.

2.3.2.3 Treatment for low back pain

Similar to neck pain, the causes of low back pain vary from person to person. Treatments
also vary, and no single treatment was effective for all patients (Fatoye et al., 2019). Common
treatments include physical therapy, rehabilitation therapy, supplements, medication, and even

psychotherapy.
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2.4 Computational simulations for biomechanical analysis

In addition to measuring data on the body's surface and the environment, understanding the
changes in the internal structure of the human body can provide very valuable biomechanical
parameters. However, the inside of the human body is almost impossible to measure directly.
Computational methods such as finite element analysis can simulate the internal structure of the
human body and are widely adopted. The computational approach can see insight into the human
body to observe the contact pressure, internal stress distribution, and deformation of every part
under loading. Based on input parameters, such as loading conditions, loading forces, material
properties, and geometry, results can be presented in a way that simulates in vivo experiments.
Compared with complicated, expensive, and invasive investigations, obtaining the required
parameters using computational analysis has excellent advantages. However, model validation

usually requires a limited number of measurements.

Furthermore, new concepts of sleeping support systems can be evaluated through the
simulation platform without building any prototype, and even human bodies or components with

extreme dimensions can be assessed.

Finite element models of the spine for biomechanical analysis have been widely adopted.
Some are cervical ligament models (Barker & Cronin, 2020; John et al., 2019; Nikkhoo et al.,
2019; Zafarparandeh et al., 2014), and some are lumbar spine models (Bojairami et al., 2020;
Zhang et al., 2021). These models are mainly developed for quasi-static loading scenarios to
investigate the changes in the internal structures when external loads are applied. Recently, finite
element models integrating the sleeping support system and the human model have been developed

and used in sleep analysis (Lee et al., 2017; Yoshida et al., 2010, 2012).
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2.4.1 Two-dimensional finite element model

Since the human body and sleeping support system are three-dimensional structured, an ideal
computational simulation must consider each component's deformation in three-dimensional space
to obtain accurate computational results. However, constructing a 3D model is expensive and
requires much time for computational simulation. Compared to three-dimensional FE models, a

two-dimensional FE model has the advantage of model setup and modifications.

Two-dimensional FE models have been developed to explore sleep comfort. Yoshida et al.
investigated the pressure distribution in the human body by two-dimensional finite element models
to evaluate the sleeping comfort of mattresses. They constructed a male and a female finite element
model using Japanese human body size statistics. The adoption of von Mises stress as an evaluation
criterion for sleep comfort and iteratively performed finite element analysis while modifying
Young's modulus of the mattress to investigate which mattress firmness creates the slightest

pressure on the lumbar area (Yoshida et al., 2010).

This study constructed FE models of an adult Japanese male and an adult Japanese female.
The computational simulation was performed in the supine lying position. The FE model was
loaded into a FE analysis package (ANSYS Ver.10, CYBERNET SYSTEMS CO., LTD., Tokyo,
Japan) for analysis (Figure 2.26). The study found that when lying supine on a mattress with a
medium Young's modulus, the stress on the lumbar region was the lowest, and sleep comfort was

considered the highest.
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Figure 2.26. The ANSY'S user interface and a two-dimensional male finite element model (Yoshida et
al., 2010).

Considering that the distribution of stress in the human body may change due to differences
in body shape, different body types have different preferences for mattresses. Therefore, they have
another development of human finite element models of adult males in three postures and
investigated the sleeping comfort of mattresses based on the relationship between the finite

element analysis results and the sensory test results (Yoshida et al., 2012).

However, it is worth discussing whether the two-dimensional plane mold has sufficient
ability to simulate three-dimensional objects. The model outputs limited parameters; for example,

the contact pressure cannot be calculated. The validity of the model is not mentioned in the article.
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2.4.2 Prediction of the contact pressure by finite element modeling

With the increasing life expectancy, so has the number of people in bed. The number of
pressure ulcers caused by bed rest has also increased rapidly (Stausberg et al., 2010). Pressure
ulcers usually result from local tissue necrosis due to a persistent decrease in blood flow. Lee et
al. used Kinetic (Microsoft Corporation) to perform 3D scans of the body contours of three healthy
20-year-old men and reconstruct the images into computer models. A CAD software PTC Creo
(PTC V.3.0, PTC Inc., Boston, USA) and medical imaging information processing software 3D-
DOCTOR (3D-DOCTOR V4, Able Software Corporation, Boston, USA) were adopted to
reconstruct the sliced image into a closed 3D model (Figure 2.27). The model consisted of a 2 mm

thick skin covering the whole body and the solid bulk tissue of the entire body.

Figure 2.27. 3D reconstruction from the scanned images. (Lee et al., 2017).

The human models were meshed by mesh generation software (ICEM-CFD-V14, ANSYS
Incorporated., Canonsburg, USA). The article mentioned that a mesh convergence test was carried
out, and the mesh size was defined as 15 mm according to the test results (Lee et al., 2017).

Participants lay supine on a rectangular and modified foam mattress, and the contact pressure
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between the human body and the mattress was measured using a pressure sensing pad (Pliance-
FTX, Novel, Munich, Germany). The study compared the experimental pressure data and the
pressure data predicted by the FE model; the FE prediction value of the scapula was significantly
lower. After embedding a pair of simple scapula structures (Figure 2.28), the contact pressure in
the scapula region was significantly increased, and these FE models were considered to be able to

predict the supine posture.

left middle

Figure 2.28. lllustration of the scapula pair inserted in the body (Lee et al., 2017).

This study demonstrates the ability to predict the contact pressure in the supine position using
the finite element model. However, this 3D model was constructed without any bone or ligament
except the simple scapula. The human body contains complex biomechanical structures, including
bones, muscles, tendons, ligaments, facial and skin. These oversimplified models inevitably

decreased prediction accuracy (Wong et al., 2019).

2.4.3 Development of a finite element model of the cervical spine

The cervical spine is a common site of spinal cord injury. Most injuries are soft tissue injuries,
and traffic accidents are a significant contributor (Zafarparandeh et al., 2014). Biomechanical
models are used to understand the causes of injuries and mechanisms of dysfunction. Finite

element modeling can provide researchers with different perspectives on spine biomechanics. The
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output data includes stress and load distribution under various conditions and be used as a design

reference (Yoganandan et al., 1996; Zafarparandeh & Lazoglu, 2012).

Cervical FE modeling procedures typically include geometry reconstruction, assignment of
material properties, meshing, loading conditions, boundary conditions, and validation through
different in vitro studies. Zafarparandeh et al. reviewed recent advances in finite element modeling

of the cervical spine and reviewed the FE modeling procedures for the cervical spine.

2.4.3.1 Model geometry acquisition

The first step in FE modeling is obtaining all parts' geometry. The geometry of a neck
ligament model generally includes three distinct groups: vertebrae, intervertebral discs, and
ligaments. This combination provides the essential functions of the cervical spine. Various
methods are described in the literature to construct the geometry of each part. Vertebrae geometry
can be obtained from CT or MRI scans, while intervertebral discs are usually created by filling the
gap in the space between two vertebrae. Ligaments are modeled according to their origin and

insertion.

2.4.3.2 Mesh generation

Geometry construction and mesh generation are two interdependent steps. Spine components
are sometimes modeled directly from meshes (Figure 2.29(a)) rather than based on medical image
geometry (Figure 2.29(b)). Vertebrae have the most complex geometry in model building,
including many freeform surfaces. Common mesh types for solid models include tetrahedral and
hexahedral elements. Tetrahedral elements are easily generated on the curved surfaces of vertebrae

(Zafarparandeh et al., 2014).
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Figure 2.29. Mesh generation of vertebrae (a) Vertebrae models constructed based on mesh (Panzer et
al., 2011); (b) Vertebrae models constructed based on medical image (Osth et al., 2017).

2.4.3.3 Material properties and segmentations

The intervertebral disc has a complex geometry, including the annulus fibrosus and nucleus
pulposus. Some studies represent the intervertebral disc with a simple isotropic elastic model. In
comparison, some others focus on detailed modeling of the intervertebral disc structure
(Zafarparandeh et al., 2014). The methods include: modeling the annular space with the strain
energy function of two fiber families, modeling the nucleus pulposus with a hyperelastic
incompressible Neo-Hookean model, building the nucleus pulposus with fluid elements, and

modeling the intervertebral disc as a three-layer structure, including upper and lower end plates.

The role of ligaments is to resist tension or traction to limit the displacement of body parts.
As uniaxial structures, ligaments are often modeled as simple elastic beams. Standard beam
formulations for these elements impose non- physiologic loads during compression, and cable

elements in tension only are preferred.
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2.4.3.4 Boundary and loading conditions

The setting of boundary conditions is usually done after building the model geometry, setting
up the mesh, and assigning material properties to each component. The boundary conditions are
established at the end of the model. In a cervical FE model, all nodes on the lower surface of the
lowermost vertebra are constrained to zero displacements. In a quasi-static study, a force
representing the weight of the skull is applied vertically to the upper part of the model (Zhang et
al., 2006). Other types of loading can be applied above the uppermost vertebra, such as neck
flexion, extension, lateral flexion, and rotation. Loads can be applied to the vertebra to simulate

body weight (Yoganandan et al., 1996).

2.4.3.5 Model validation

The validation process is the last step in constructing the FE model. The purpose of validation
is to evaluate the ability of the model's predictions to respond to real scenarios. Evaluation can be
done by comparing the model's predictions with experimental measurements. The experimental
data needed to validate the cervical spine finite element model can be obtained from in vitro

measurements or cadaveric studies.

2.5 Research gaps

Maintaining proper spine alignment is critical to sleep health. However, most studies are
limited to observing spine alignment in the lateral position, although supine is considered the most

common and comfortable position (Lee et al., 2020; Su & Xu, 2017).
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Studies suggest keeping the spine in its neutral shape to minimize internal stress, but the

internal stress is still unknown.

There are studies on pillows or mattresses, but rare ones considered both.
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Chapter 3 Methods

The aims and objectives of the study are to develop a curvature measurement tape that can
acquire the spine parameters in the supine position. The measured parameters will be used to
evaluate the biomechanical effects of sleeping support systems for individuals during experiments.
Finite element simulations will be performed to observe intervertebral disc loading on different

sleeping supports.
This study consisted of 3 parts:

Part 1: Development of a curvature measurement tape which able to measure the covered
curvature. This device will be placed between the sleeping support system and the volunteer's back.
It should be flexible and thin enough to limit the inference of sleep posture during measurement.
The measured curvature should be displayed in real-time, and the twist of the sensor tape should

be monitored.

Part 2: Experiments of volunteers lying supine on different stiffness of mattresses. The spine

alignment should be measured and analyzed.

Part 3: Development of a computational model for finite element analysis. The simulation

results will include intervertebral disc loading and other musculoskeletal parameters.

3.1 Development of a curvature measurement device

A thin, flexible sensor tape will be developed to measure the spine alignment in the supine
position. The development procedure generally includes hardware development, algorithm design,

programming, calibration, graphical user interface development, and device validation.
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3.1.1 Design

The spine is located at the midline of the back of the trunk. The average spine length in males
is approximately 710 mm; the length of the sacral and coccyx is 125 mm (Gray, 1973). The
curvature measurement tape needs to be long enough to cover the midline from the head to the
buttocks when placed on the person's back to measure the entire spinal curvature in the supine
position. It considers various heights and spine lengths. As reviewed in Section 2.1, a spinal
curvature involves several natural curves of the spine, such as cervical lordosis, thoracic kyphosis,
and lumbar lordosis. The curvature measurement tape consists of 30 accelerometer units in a 30
mm pitch to measure these curvatures with relatively reasonable resolution and high accuracy.
This sensor tape has a sufficient length to cover the human back from the cervical C1 to the sacral

S1 (Figure 3.1).
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Figure 3.1. lllustration of the curvature measurement tape attached to a human back.

The device should be thin and flexible to avoid interfering with the sleep posture. In the

preliminary design, existing sensor modules were adopted and connected by thin wires. Based on
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the size of the existing accelerometer board, the size of a single sensor unit was set to 30 <30 mm,
with a 6 mm thickness. Each sensor unit detects its inclination, and the signal is collected by a
micro control unit (MCU). A self-developed algorithm can convert the inclination data to
coordinates or a curvature (Figure 3.2). The MCU collects the signal from each sensor unit,
conducts data processing, and sends the spine alignment parameters to a computer or mobile device
by wireless connection. The spine alignment parameters can be displayed by the computer or

mobile device in real-time and saved for further analysis.

Sensor unt 2 Sensor unit 3

Figure 3.2. Calculation of coordinates.

3.1.2 Electronic components

3.1.2.1 Sensors

Each sensor tape integrates 30 accelerometers, and choosing a suitable model of the sensor
chip is critical. The selection criteria include part price, accuracy, resolution, unit size, formate of
data output, and type of connection interface. After referring to some literature (Busching et al.,
2012; Stollenwerk et al., 2018; Yoon et al., 2015), we consider that ADXL345 (Analog Equipment,

Wilmington, USA) is a suitable model.

ADXL345 is a three-axis MEMS accelerometer with a compact size, low power consumption,
and high resolution (13-bit) that can measure accelerations in a range of #16 g. Furthermore, the

chip has a built-in Inter-Integrated Circuit (1°C) signal interface. Using an 12C connection requires
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only two signal wires, and each I12C interface can connect multiple devices, facilitating the
development of concise circuits. Each ADXL345 has two selectable 12C addresses, and they are
Ox1d and 0x53. Two sensors can be wired in parallel and transmit data individually. The supply
voltage of the ADXL345 is 2.0 — 3.5 VDC; the wide range of input voltages makes circuit
development easier. The current consumption in measurement mode is as low as 23 uA, which is
especially beneficial for power control of such a device with dozens of sensors connected. The
thickness of the ADXL345 is only 1.0 mm; this is critical for the thickness control of the whole

sensor tape.

3.1.2.2 Microcontroller

The functions of the MCU are to collect the inclination data from each sensor unit, conduct
data processing, send the measured curvature to a computer, and store the data in a storage device.
A low-cost, popular, low-power, easy-to-program chip is most suitable for static capture
applications that only require low sample rates. A Thin Quad Flat Pack (TQFP) microchip
(ATmega328P, Atmel Corporation, San Jose, USA) has been adopted. ATmega328P is a type of
Advanced Virtual RISC (AVR) microcontroller. This microcontroller processes the data up to 8
bits with 2048 bytes of internal built-in static random access memory (SRAM) and 1024 bytes of
electrically erasable programmable read-only memory (EEPROM), which can store system

settings (Figure 3.3).

This RISC-based 8-bit AVR microcontroller incorporates 32 KB of in-system programming

flash memory, conveniently enabling program updates.
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Figure 3.3. International configuration of an ATMEGA328p MCU (Watson, 2017).

3.1.2.3 Peripherals

Several peripheral components need to be connected to keep the device working. The most
challenging part of developing the sensor tape was connecting 30 individual accelerometers. The
connection between sensors needs to be simple and convenient, using as few connecting wires as
possible to facilitate manufacturing and maintenance. Since each ADXL345 has two 12C addresses
to join 30 sensor units, several 12C switches (TCA9548A, Texas Instruments Inc., Texas, USA)
should be connected to expand the capability of the number of I12C peripherals. There are eight bi-
directional I2C ports constructed inside a TCA9548A chip; the channels can be accessed via the

I2C bus. The SDA/SCL upstream pairs are fanned out to downstream pairs of eight channels. An
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individual SCL/SDA channel or combination of multiple channels can be connected, depending
on the set-up of the programmable control register. Multiple downstream channels can be
connected to resolve the conflict of limited 1°C slave addresses. Each 1°C switch can control up to
eight sensor units in this design. However, to limit the segment length and reduce the number of
internal segment wires, six sensor units are inside a segment, and five 1°C switches would be

connected to form the sensor tape.

For convenience in operation, the device should be able to send the measured data to the
computer in real-time through a wireless connection. Both Wi-Fi and Bluetooth are technologies
that achieve short-range wireless communication by using radio frequencies to transmit signals.
Although both are forms of wireless communication, they differ in functionality, purpose, and
other factors. The Bluetooth protocol supports data transmission between devices in a short range.
For example, mobile phone connected to headsets by Bluetooth is often used to enable hands-free
use. Wi-Fi allows devices to connect to the Internet. Since Bluetooth only requires an adapter on
every connected device, it is easier to use and has low power consumption than Wi-Fi. Therefore,
a Bluetooth connection was adopted for this project. The MCU was connected to a generic
Bluetooth 2.0 module (HC-05, Bluetooth Maker Factory Limited, Shanghai, China) to create a
wireless data connection with a laptop computer. HC-05 is an easy-to-use, small-sized, low-cost
Bluetooth module for wireless connection. This module constructs CSR Bluecore 04 outer single-
chip Bluetooth system using Complementary Metal-Oxide-Semiconductor (CMQOS) technology to
achieve low power consumption. This module is compatible with the Bluetooth 2.0+ EDR

protocol, which can easily connect to a Windows computer or an Android mobile device.

Creating a data storage function in the control box can avoid data loss. The Micro-SD card

is a proprietary non-volatile memory card format for portable devices; it is the smallest memory
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card on the market, with a dimension of 11 <15 <1 mm. An SDHC (High Capacity) memory card
can store a large amount of spine alignment data, which is ideal for local data storage integration
into the control box. A generic Micro-SD card adaptor was connected to the MCU. The measured

spinal curvature data can be stored in a Micro-SD card through the Micro-SD card adaptor.

The control box has included a real-time clock module (DS-1302, Maxim Integrated Limited,
San Jose, USA). This chip is a battery-backed general-purpose clock that can count year, month,
date of the mouth, date of the week, hours, minutes, and seconds with leap-year compensation
valid until 2100. It can provide a timestamp, which can be saved in the Micro-SD memory card

with the measured spine alignment data.

The system status and measured spine alignment data can be displayed on a 0.96-inch
graphical organic light-emitting diodes (OLED) display (128 =64 pixels, Vishay Intertechnology
Inc, Malvern, USA). This display module has a built-in SSD1306BZ controller, which can be
easily connected through the I2C interface. It is small in size, low in operating voltage, and low in

power consumption.

The control box is powered by a 300mAH lithium battery (282850, Generic, Taobao, China).

Due to the low-power consumption design, this battery can support up to 5 hours of working time.

3.1.3 Design of electronic circuits

3.1.3.1 Circuit design of the sensor tape

Customized electronic circuits are required to connect all the sensors for data assessment by

the MCU. The sensor tape consists of five identical segments, each connecting six sensor units.
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Five sections linked thirty sensor units, and each section connected six sensor units through
an 12C switch (Figure 3.4). A concise electronic circuit was designed for this study, requiring only
four wires to connect between segments and the control box. The four wires include two for power
transfer: the voltage common collector (VCC) as 3.3v and the ground (GND), and a couple of
wires for data transmission; they are serial clock (SCL) and serial data (SDA). The lithium battery
inside the control box provided the power supply, connected in parallel to every sensor unit and
I2C switch. The signal output of the IMU was connected to the 1°C switch through two signal wires
(SCL and SDA). The five sections were connected in parallel by four wires, VCC and GND were
used for power supply, and SCL and SDA were used for signal transmission (Figure 3.4). One end

of the sensor tape was connected to a four-pins connector, which can connect to the control box.

Voo

SDA
GND

Section 1 Section 5

IMmu2 IMu3

Figure 3.4. Block diagram of a sensor segment.

3.1.3.2 Circuit design of the control box

The control box contains an MCU, a battery, and peripheral components. The built-in lithium
battery of the control box supplies power to the system for the operation of the device. This lithium
battery powered the electronic components inside the control box and the sensor tape connected
to the control box. A block diagram is shown in Figure 3.5 to display the connected electronic
modules inside the control box. The modules of OLED display, Bluetooth, Micro-SD storage, and
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real-time clock were connected to the ATMEGA328P MCU. The OLED display was connected

to the MCU through the I°C interface, which was wired to the default 1°C ports A4 and A5.

The Bluetooth module was connected to the MCU through a soft serial protocol. The RX
port of the Bluetooth module was connected to D2 of the MCU, and the TX port was connected to

D3.

The real-time clock DS1302 has a built-in simple serial interface for signal transmission.
There are three wires connections as the serial clock (SCK) connected to D6 for data
synchronization movement, the bidirectional data pin (DAT) connected to D7 or input and push-

pull output, and the reset (RST) pin connected to D8 for chip enable.

The Micro-SD adaptor was connected to the MCU by a serial peripheral interface (SPI)
connection. There are four wires connected; they are the chip select (CS) pin was connected to
D10, the master out slave in (MOSI) pin was connected to D11, the master in slave out (MISO)
pin was connected to D12, and the serial clock (SCK) pin was connected to D13. For functional

control, there is a control button connected to A3.

The device also includes a power management system. If the device is idle or the battery
voltage is too low, the system will power off to avoid damage to the battery. The charging circuit

for the Lithium battery enables the device to be charged through the Micro-USB port.

The sensor tape was connected to the control box through a four-core thin wire for data
transmission. These four wires include two for the power supply and another two for the I1°C signal

transmission. This design simplifies the connection between devices as much as possible.
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Figure 3.5. Block diagram of the control box.

3.1.4 Programming

The MCU operated based on an Arduino system (Arduino 1.85, Arduino LLC, Boston, USA).
Arduino is an open-source electronics platform. The integrated development environment (IDE)
is an application with cross-platform support. It was written in the Java language with a simple
and easy-to-use interface. The program flowchart is shown in Figure 3.6. An initialization
procedure was conducted while the system started up; on the connection of power, the OLED
display, Micro-SD adapter, and the sensor tape reset. After the system initialization, the system
runs in a loop. The MCU collects sensor data one by one. Then, sensor calibration proceeded for
every individual accelerometer, based on the calibration database early created and stored inside
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the EEPROM of the MCU. The time chop from the real-time clock was also sent to the
microcontroller. The MCU combined the measured sensor data and a time chop to a sentence and
sent it to the display unit. The system also detects the stats of the function button; while it is pressed,
the measured spinal data can be stored in the Micro-SD adaptor. Sensor data is sent via Bluetooth

if the Bluetooth module is paired with a computer or mobile device.
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System
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Data collection

Real-time clock = Data processing

Calibration database

OLED display

Function
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connection

Figure 3.6. Flowchart of the microcontroller unit.

63



3.1.5 Preliminary version

A preliminary version of the curvature measurement device was designed and developed for

functional evaluation.

3.1.5.1 Sensor tape

The preliminary design of the sensor tape was based on existing functional circuit blocks. As
the circuit design described in Section 2.3.3.1, the whole sensor tape was constructed by the
connection of five segments. Each segment contains six sensor units and an 1°C switch (Figure
3.7). Based on the circuit design, the 1°C switch was embedded in the 3rd sensor unit and
overlapped the accelerometer. Each sensor board was installed on a plastic base using 3D printing.
The units were connected by a hinge, which allowed units to rotate freely. There were thin and
soft wires connecting the sensors and the 1°C switch; only four wires were needed to connect the

segments.

Segment (180mm) \L

I’C switch

Figure 3.7. Preliminary design of the sensor tape.

Five sensor segments were connected to form the whole sensor tape. The length of the sensor

tape is 900 mm, which is long enough to cover the human spine. Figure 3.8 shows the side view
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of the sensor tape containing 30 sensor units. Sensor units were connected by plastic tape that can
function as a hinge to allow the rotation between sensor units. A buckle was installed on the starting
side of the sensor tape, which can be buckled on a swimming cap with a buckle holder (Figure 3.9)

so that the starting position of the sensor tape can be fixed through the worn of the swimming cap.

Connect to
control box

i

' 30mm

Swimming cap buckle

Figure 3.8. Side view of the preliminary version of sensor tape.

Buckle holder
for holding
sensor tape

Figure 3.9. A buckle holder installed on the swimming cap.
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3.1.5.2 Control box

Since this project involved connecting multiple modules and the development of new
algorithms, a system was constructed with existing functional circuit blocks to test the design
feasibility. For evaluation, several existing modules were assembled on a protoboard (Figure 3.10).
Wires were used to link up the electronic modules. Since the solderless prototype board does not
require soldering and reusability, it can be easily used to create temporary prototypes and conduct
circuit design experiments. The sensor tape was connected to this protoboard by a four-core wire,
and the signal was processed through the MCU and sent to the Bluetooth module, OLED display,
and the Micro-SD adaptor with a time-stamped signal. A rechargeable lithium-polymer battery

powers this system.

“Microcontrol Real-time clock
u " Bluetooth<{_1-

I2C switch

..........

ACOG

i ‘ Micro-SD

adaptor OLED display

__| Battery

Figure 3.10. A protoboard with electronic modules for functional evaluation.
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The program was developed and tested with the protoboard. However, carrying the
protoboard for experiments is inconvenient, and the circuit blocks may become loose from the
protoboard and cause failure. Therefore, a compact control box was developed. Circuit blocks were
connected and assembled into a much smaller package. Figure 3.11 shows the hand-make control
box with all components presented and displayed in Figure 3.10. This control box was made by
3D printing, and the size is approximately 25 %25 x40 mm, which significantly improved usability

and stability.

s Seine Sensor
dl

ar

Figure 3.11. The control box.

The MCU was programmed to convert the inclination of sensors into coordinates based on
equations (1) and (2). The parameters are shown in Figure 3.12.

Xn=d X Cos(an) + d X Cos(amn-1)) + X(n-1) (2)

Yn=d X Sin(on) + d X Sin(a(n-1)) + Y1) (2)
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Figure 3.12. Parameters of equations for coordinates calculation.

3.1.5.3 Graphical user interface

A software package was developed using the processing programming platform (Processing
3.1, Casey-Reas and Ben-Fry, USA). The application processes and displays the spinal curvature
in real-time on the graphical user interface from the data collected via the Bluetooth interface. As
shown in Figure 3.13, the integrated data was depicted as a curve on the graphical user interface
representing the arrangement of the sensor tape. Each sensor unit can measure its inclination,
representing the slope of a line of 30 mm in length. Thirty sensors measured 30 lines, which were
connected end-to-end to restore the shape of the sensor tape. The user interface was programmed
with data input dialogs of experimental information. The recording information includes the
volunteer's name, the lying position, the type of body support, and the time of the experiment

(Figure 3.13). The data could be saved in text format from the software package for further analysis
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by other software. The experimental information can be read during post data processing stage,

which facilitates data analysis.

I = | 2020-12-18T19_23_55_tommy_Prone_Rigid = O x

Spine Alignment Sensor DeviceCode: SD0O0&
Date & Time(Filename): 2020-12-18T19_23_55

Participant's name: Toby| Posture: Prone Mattress: Rigid
'F10": New Participant name / 'F12" save data
Measured
Occipital Protuberance :
P spinal curvature
2
¥ ——
[ standing | | Soft |
[\/ Prone | | Medium |
[ supine | | Hard |
[ Lateral | [/ Rigid |
| Other | | Other |
o+ 1 100% (=) ] @

Figure 3.13. Design of graphical user interface of the curvature measurement tape.

3.1.5.4 Device evaluation

The preliminary version of the curvature measurement tape was evaluated due to a simple
experiment. An ethylene-vinyl acetate foam mat of 5 mm thickness was placed on the ground,
which can be considered a rigid plate. The volunteer was lying in a prone position, and the head
and neck were supported by a prone pillow (PP8320000073, ZhenZhiBao, Nanchang, China). The
volunteer wore a swimming cap with a buckle holder so that the starting of the sensor tape could
be fixed. The curvature tape was placed on the volunteer's back (Figure 3.14) to capture the spinal

curvature in a prone position.
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/ Buckle Sensor tape

P

Swimming cap

Figure 3.14. The design of data collection in a prone position.

The preliminary version of the curvature measurement tape was tested and evaluated. There

are limitations found:

(1) The sensor tape is considered somewhat thick, which may influence the sleep posture.
The thickness of a sensor unit is 6 mm; it may have similar accuracy to the literature
(Haex, 2004), which is barely acceptable. There is no doubt that thinner sensor tape

would reduce interference with the sleeping position.

(2) The sensor unit was 3D printed, with a solid circuit board inside. Therefore, the sensor
unit is rigid as a whole, and the sensor tape can be deformed only by the rotation of the
hinges between the sensor units. However, the rigid sensor units limited the sensor tape's
ability to fit the measuring surface. It is more or less uncomfortable for the volunteer

while lying supine on this sensor tape constructed by rigid sensor units.
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(3) This algorithm depicted the shape of the curvature measurement tape in a plane
perpendicular to the gravity direction. Since each sensor unit is rigid, a 30 mm straight
line was used to represent a sensor unit (Figure 3.15). A straight line was used to express
a part of the curvature. When measuring a circle of @200 mm, a gap of 1.12 mm was
found between the line's end and the ring. It yields a measurement error of 2.2%, and the
error increases when measuring smaller arcs. This study aims to develop a flexible
curvature measurement tape. Therefore, the algorithm should be improved, and the new
algorithm should be able to depict a curvature by the connection of arcs but not straight

lines.

——— s .
——\ Sensor units

Measured curvature

—-—-— @200 circle

Us
Uz
U,
N /K
N e
M -
R — <

L

Figure 3.15. The measured curvature by the preliminary version curvature measurement tape.

71



(4) This sensor tape is designed to measure the curvature of the spine in the supine position.
Since the sensor tape was placed between the sleeping support system and the volunteer's
back, it cannot be observed visually while using it. Therefore, in some extreme cases, the
sensor tape may be twisted. The system should be able to monitor the twisting of sensor

tape and remind the operator when the twist occurs.

(5) Since the ADXL345 accelerometer is a low-price low-end inertial sensor, the sensors
were shipped uncalibrated and should be bias-corrected to achieve high-accuracy
measurement. For example, place the sensor tape horizontally (Figure 3.16(a)); the
measurement result of an uncalibrated device exhibit apparent deviations, with curvature
fluctuations, as shown in Figure 3.16(b). The ideal measurement result should be a flat,

straight line, as shown in Figure 3.16(c). Hence, the accelerometer's inherent deviation

and the assembly's bias should be corrected.

" 898.3 mm |
(c) U
u,u, V3 o
VJo
900.0 mm

Figure 3.16. The preliminary version of the curvature measurement tape and its measured curvature.
(a) The sensor tape placed horizontally flat; (b) The measured curvature without calibration; (c) An
illustration of ideal measured curvature.
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In summary, a sensor tape made of surface mount technology (SMT) will improve
measurement accuracy. At the same time, new algorithms should be developed to improve the

measurement accuracy and monitor the axial tilt of sensor units.

3.1.6 Improved version

Due to the lack of studies that reported the connectivity of dozens of inertial sensors, the
preliminary version of the curvature measurement tape was constructed for functional evaluation.
As described in Section 3.1.3, the concise circuit is able to connect 30 accelerometers via the 12C
interface. After extensive program modifications and circuit tweaks, the curvature measurement
tape's preliminary version works correctly. The sampling rate is about 5 Hz, sufficient for static

captures such as the spine measurements in the supine position.

Through the pilot experiments, we consider that the preliminary version of the curvature
measurement tape is feasible to measure spine alignment in the supine position. However, it is still
a bit thick and lacks flexibility. Therefore, custom-made flexible printed circuits will be adopted
as the substrate of the sensor tape. Regarding the improvement of the algorithm, multiple arcs will
be used to represent the measured curvature. Device calibration will be conducted to correct the
chip's inherent deviation and sensor assembly bias. Finally, consider adding an axial tilt detection
function to the graphical user interface, which can remind the operator when the sensor tape is

twisted.

3.1.6.1 Sensor tape made of flexible printed circuits

A flexible printed circuit (FPC) board is sometimes considered a printed circuit board (PCB)

that can bend. It consists of layers of an insulating polymer film with conductive circuit patterns
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affixed to it, usually coated with a thin polymer coating to protect the conductor circuit. The
thickness of an FPC can be as low as 0.1 mm. The thinner sensor tape can lower the posture
interference while placing it between the sleeping support system and the human back for spinal
curvature measurement. The flexible circuit board was designed using an electronic design
automation (EDA) application (Eagle, Autodesk Inc., California, USA). The design drawing is
shown in Figure 3.17. There are six sensor units inside a segment. The 1°C switch was placed near
sensor unit 3 (Us) to reduce the wire quantity of an internal segment. All sensors were connected

to the 1°C switch through the 12C interface.

U1 u2 U3 L U4 Lf U5 ‘ U6
12¢ switch
: T 1 . R A AR
6 e [# f %
I T )

Figure 3.17. The circuit design of the sensor tape.

The dimension of the FPC is 210 x 25 x 0.1 mm, which includes six sensor units and a
connection tail that can be connected to another segment. The distance between two adjacent
sensors is 30 mm. A narrow circuit bridge connects the sensor units on the FPC, and this design
can ensure the flexibility of the sensor tape. Every sensor segment has the same length of 180 mm
and extends a small tail that can be linked to the starting area of the conjunction segment to create

a long sensor tape. Using short and repeating segmented connections to create a long sensor tape
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ensures that short sensor segments are easy to manufacture and maintain. Five sensor segments
formed the sensor tape with a total of 870 mm length. Based on this concept, the total length of
the sensor tape can be modified by the change in segment quantity. Figure 3.18 shows a single
sensor segment in the upper part of the figure. The connected sensor tape, which contains five

segments, is shown in the lower part of the figure.

[ Unit1 Unit 2 Unit 3 Unit 4 Unit 5 Unite Ve

/ Close up of a segment

\ﬁ'_

870mm (5 segments connected)

& | Segment1 Segment 2 Segment 3 Segment 4 Segment 5
Whole sensor tape

vee
SCL Connect to
SDA

Ghp ) control box

Figure 3.18. Design drawing of the sensor segment and the whole sensor tape.

An FPC factory fabricated the FPC, and the sensor chips and the 12C switch were assembled
using surface mounting technology (SMT). The installation process should ensure the sensors are
located in the correct position of the FPC to ensure the curvature measurement tape can be used

for high-accuracy measurement.

The sensor tape must be as thin and flexible as possible to accommodate the curvature of a
human back without disturbing the sleeping position. FPCs based on flexible plastic substrates

bring high flexibility to the sensor tape. The typical thickness of an FPC is 0.1 mm. The ADXL345
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sensor in a land grid array package is 1.0 mm thick, and the TCA9548A I2C switch in a thin,
smaller outline package is also 1.0 mm in thickness. The total thickness of the assembled electronic
parts is about 1.1 mm. The FPC with assembled electronic components was wrapped with a 0.2
mm thick flexible thermoplastic polyurethane film for mechanical protection and waterproofing.
The polyurethane film outer layer ensures that the sensor tape can be used in environments that
contact wet and liquid. In addition, the waterproof function is conducive to sterilization. Figure

3.19 shows the sectional side view of the sensor tape with the indicated part thickness and overall

thickness.
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Figure 3.19. The sectional view of the sensor tape with dimensions.

Figure 3.20(a) shows the assembled sensor tape. Five sensor segments were connected to
form the whole sensor tape with 870 mm in length. Figure 3.20(b) shows a close-up of the sensor
tape. It can be seen from the picture that the sensor tape is very soft and has bent under gravity.
Hence, the flexible sensor tape can be closely adapted to the measurement object's surface.
However, the length of the sensor tape is fixed and cannot be stretched. Figure 3.20(c) shows the
measured thickness of the sensor tape. The thickest point is where the accelerometer was mounted,;

however, it is only 1.8 mm. The bridge between the two adjacent sensor units is less than 1.0 mm
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in thickness. The sensor tape's flexible and low-thickness properties can reduce distraction and

discomfort for participants.

AN IRERNT INY
Sensor tape

- Control Box

| 30mm  _  30mm |
12C switch

Accelerometers b

(b)

Figure 3.20. The assembled sensor tape (Hong et al., 2022). (a) The sensor tape was placed flat; (b) A
part of the sensor tape; (c) Thickness of the sensor tape.

3.1.6.2 Customized circuit board for the control box

Considering the control box has integrated several modules with complex wiring, another
printed circuit board was developed to reduce the control box size. The circuit diagram is shown
in Figure 3.21; this is a multi-function circuit board based on the description in Section 3.1.3.2.
The electronic circuit contains an ATMEGA328P MCU and peripheral chips and elements such
as the real-time clock, Micro-SD adaptor, WS2812b RGB-color LED indicator, voltage regulator,
and a lithium battery charging controller. The OLED display unit and the Bluetooth module can

be connected to the MCU's digital input/output ports.
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Figure 3.21. Circuit diagram of the improved control box.

The printed circuit boards were produced by JLCPCB (Jlcpch, Shenzhen, China). The PCB

was made to 28 %28 mm, with a 0.8 mm thickness (Figure 3.22) that can be installed in a 3D
printed control box.
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Figure 3.22. Design of the printed circuit board for the control box.
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3.1.6.3 Improved algorithm

The preliminary version of curvature tape used 30 mm length rigid sensor units. The
algorithm restored the measured curvature by the connection of thirty lines. However, as discussed
in Section 3.1.5.4, the rigid sensor units cannot fit well on curved surfaces. Hence, the base of the

sensor tape was changed to FPCs.

The new sensor tape conforms well to the surface being measured. A new algorithm was
developed for the unique design of sensor tape. As shown in Figure 3.23, the measuring curvature
was divided into multiple arcs based on the nodes of sensor units, and two adjacent sensor units

sensed an arc.

Multiple sensor units (U1-Un) were located on the sensor tape; the distance between two
adjacent sensor units was fixed. The measuring curvature was split into numerous arcs, with the
sensor units situated at the ends of the arcs. A pair of accelerometer units measure the tangent of
endpoints of the conjunction arcs, and the arc length can be calculated; based on the measured

starting and ending points and the arc length, the geometry of the arc can be reconstructed.

Figure 3.23 shows a curvature constructed of arcs. The accelerometer units detect the tangent
angles as the output value of the pitches. Accelerometer units U; and U2 sensed their inclinations
in pitchy and pitchz, which measures the geometry of arci. The coordinates represent by the starting
point of arcy (X1, y1), the midpoint of arcl (Xim, y1m), and the ending point of arcl. The ending point
of arcl is also the starting point of arc, defined as (xz, y2). This algorithm quantifies the measured

curvature using a series of coordinates.
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Figure 3.23. The design concept of the curvature measurement tape (Hong et al., 2022).

The Arduino language was used to program the microcontroller. The sensor tape has an
integration of 30 sensor units; the sensor's output signal was collected by the microcontroller
through the I12C switch and conducted deviation correction of each sensor by sequence. The output
signal was converted to Euler's angle, and inclinations were sent to the computer via Bluetooth.
The accelerometer outputs static gravitational accelerations in three axes: Gx, Gy, and G;. The
program uses Euler's equations to convert the three-axis data into pitch and roll angles. In this
design, pitch value was adopted to calculate the tangent of the arc. The calculation of pitch was

based on equations (3):

pitch =arctan S (3)

/G§+G§

With the Processing software platform (Processing 3.1, Casey Reas and Ben Fry, USA), a
software package was developed to process the data from the curve measurement tape. The

software package processed the data collection process via the Bluetooth interface, and the
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graphical user interface was used to display the curvature of the sensor tape in real-time. The angle

(0) between the two accelerometers can be calculated using equation (4):
6 =p itch, — pitch, 4)

The adjacent sensor units has a fixed distance as 30 mm. When measuring an arc, the 30 mm
distance becomes the chord length of the arc, as shown in Figure 3.24. Therefore, the distance
between two nearby accelerometers was defined as the length of the chord (Lc). It can be calculated

using equation (5):

sing X Arc X 360

L= Q)

OXTm

Arc (30mm Fixed length) Sensor unit (U )
- n+2

I pitch, }TL,

=pitchy - pitch,,; | \ -
O =pitch, - pitch4 Flexible printed citouit
_ Le (Chord length)

Sensor unit (Up) Sensor unit (Up41)
Figure 3.24. lllustration of chord length calculation (Hong et al., 2022).

The coordinates were used to draw a curve on the graphical user interface (GUI) to represent
the sensor tape's shape. For further analysis, data were recorded in the format of AutoCAD script.
The unit of output data presents a straight line or an arc with three points (Xstart, Ystart, Xmid, Ymid,
Xend, and Yend), and the entire curve is represented by the connection of 29 circular arcs or straight

lines (Hong et al., 2022).
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3.1.6.4 Management of axial tilt

This study defined the axial tilt as the inclination of the sensor tape along its length axis, as
shown in Figure 3.25. Since the accelerometer cannot measure yaw, a sizeable axial tilt may affect
the device's measurement accuracy, so it should be monitored. The longitudinal direction of this
device is the x-axis of the sensor unit, which is the roll inclination angle. It can be calculated with

the following equation:

roll =arctan (_G—G") (6)

z

The sensor tape was located between the sleeping support system and the volunteer’s back
and used in a covered environment so that the sensor twist could not be visually observed. When
the sensor tape is twisted, the sensor unit in the relevant part will be detected with a significant
axial tilt value. The axial tilt value will be displayed in the GUI in real-time to monitor the status

of the sensor tape.

U, U, U; (sensor units)
[/

A/ /Rl
/ (Axial tilt) )
A Pitch Pitcyy Measured curvature (magenta)
Y o~ e /
K = "’.-'; == = e \ P/ //
{ AN TS ey Roll
e u\ (Axial tilt)
Gravity 4 e
l 7 i T == " <, Usg
= Y Flexible sensor tape \ FN/
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A sensor unit

Figure 3.25. Illustration of the axial tilt (Hong et al., 2022).
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3.1.6.5 User interface development

The new GUI was improved from the preliminary version. Due to the updated algorithm, the
system depicted 29 straight lines or arcs based on the data obtained from 30 sensors (Figure
3.26(a)). The GUI displays a simplified curvature, in which an arc is instead by two connected
lines to save computer power. Another noticeable modification of the improved GUI is the addition

of axial tilt management.

The participant name or job name can be entered at the upper part of the GUI, which can
facilitate future data tracking; The participant's posture and the mattress used in the experiment
can be picked and recorded at the bottom left of the GUI. A combination of arrows at the bottom
right of the GUI provides the zoom and pan function to scale or move the depicted curvature to

facilitate direct observation.

The sensors sensed the three-axis gravity value, calculated the roll, and displayed it on the
GUIL. In the case of abnormal axial tilt detected, the system will alter the operator. Figure 3.26(b)
shows the four manually tilted sensors. The corresponding sensors (U7, Us, Ug, and Uio) with

abnormal axial tilts were marked on the GUI (Figure 3.26(a)).

A cross in red color was drawn at the corresponding sensor position of the curvature, and a
red square was displayed at the bottom of the GUI to remind the operator of the abnormal axial
tilt. The acceptable range of tilt angle was estimated through a tilt test, and the results are shown

in Section 3.1.7.1.
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Tommy's Curvature Measurement Tape DeviceCode:TO11
Date & Time (Filename): 2021-12-14T16_2_14
Participant name / Job name:Tilt tes

Abnormal axial tilt:
show with red cross alerts

Measured curvature
(rainbow color)

\
u2

Posture: Mattress:

I — ~bnormal axial tilt: show with red background
it Acceptable axial tilt: green background
Axial tilt

Average: -7.500

Figure 3.26. The improved graphical user interface and the sensor tape (Hong et al., 2022). (a) The
measured curvature, which the placement of the sensor tape is shown in (b), with four sensors (U7, Us,
Uy, and Uio) under excessive axial tilt; (b) The sensor tape with four sensors undergoes excessive axial
tilt (U7, Usg, Ug, and Ulo)).
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3.1.6.6 System calibration

Since the ADXL345 accelerometer is a low-price low-end inertial sensor shipped
uncalibrated, calibrations should be performed to enhance the measurement accuracy. From the
introduction of the official datasheet and the sensor test results, it can be found that the
accelerometers' inherent error mainly comes from the zero-gravity offset and the sensitivity

deviation, as shown in Figure 3.27.
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Figure 3.27. A sample graph of sensor inherent bias (red) and calibrated data (blue).

The zero-gravity offset represents the sensor reading in no gravity condition; its theoretical
value is zero, but a shift may appear in the measured value. The sensitivity offset is the instrument
error of the measurement range; when measuring %19 gravity, the output value of the unit's built-
in analog-to-digital converter should be £255, but the measurement value may be scaled. The bias

of all axes should be compensated separately by the program using the following formula.

Gout =Grqw XS+ 0, (7)
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The zero-gravity offset was compensated using the parameter Oc. With proper compensation,
the sensor outputs zero in no gravity situation. The sensitivity error was calibrated using the

parameter Sc to enable the sensor output at 255 under 1 g gravity and -255 under -1 g gravity.

When assembling the sensor to the FPC, the bottom of the chip may not be ideally parallel
to the plane of the bottom of the FPC, and the part may rotate slightly. The SMT mounting of the
accelerometers may lead to some angular misalignment. The assembled sensor tape should be
calibrated to correct assembly errors and enhance measurement accuracy. A simple correction tool
was developed, as shown in Figure 3.28; the whole sensor tape was installed on a rigid bar, with
all sensor units in the same alignment. When the correction device was placed horizontally, the
program was used to correct the output angle value to 0< When the correction device was placed

vertically, the system output angle value was converted to 90<

Force Force Force

Figure 3.28. Design of the sensor tape calibration.
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3.1.7 Device verification and validation

The device was validated and validated before it was put into use. The purpose of validation
and validation was to understand the curvature measurement tape's ability to measure spinal
curvature. Tests were performed to understand the device's accuracy, reliability under an axial tilt,
and acceptance of axial tile value. Experiments were conducted to evaluate the device's reliability

and repeatability.

3.1.7.1 Management of axial tilt

A MEMS accelerometer can detect its inclination, including pitch and roll, but cannot detect
yaw. Therefore, if the sensor tape's measurement plane is perpendicular to gravity's direction, the
system will not work. In this study, while the measurement plane is parallel to gravity's direction,
the axial tile is defined as 0< if the measurement plane is perpendicular to the direction of gravity,

the axial tilt is 90<

This study developed a circular mount based on 3D printing. The circular base was adopted
to understand the measurement capabilities of the sensor tape under various axial tilt angles. The
outer diameter of the circular mount is 200 mm, and the sensor tape can be wrapped around it
(Figure 3.29(a)). The bottom of the circular base was mounted on a three-axis digital protractor
(DXL-360, Jinyan Company, Shenzhen, China) to create a controlled axial tilt environment
(Figure 3.29(b)). The circular mount can be rotated along its vertical plane for different axial tilt
angles under control (Figure 3.29(c)). The sensor tape was axially tilted from the angle of 0°to
80“at 10 <intervals with an accuracy of 1 °to understand the measurement ability of the system

under different axial tilt angles.
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Axial tilt: 0° Axial tilt: 10°
(a) |

3D printed circular mount

Sensor tape

#200mm

Figure 3.29. The design of circular mount and demonstration of axial tilt test (Hong et al., 2022). (a)
Design of the circular mount and the curvature measurement tape; (b) The circular mount and the
curvature measurement tape mounted on a digital protractor with 0<axial tilted; (c) The set with a 0°
axial tilted placement.

This test aims to understand the device's ability to measure at different axial tilt angles. The
circular mount was placed at different angles of axial tilt, the curvature installed on the circular
mount was tilted axially, ranged from 0<- 80<at an interval of 10°with +1<accuracy, and ten
measurements were taken at each value of axial tilt. The sensor tape was randomly attached to the
circular base for a measure, removed after the measurement, and reinstallation is required for
another test. The acquired sensor data was sent to the computer and restored to a curve with CAD
software (AutoCAD-R13, Autodesk Incorporated, California, USA). Under ideal circumstances,
the measured curvature is the same as a @200 mm circle. Figure 3.30 shows one curve for each tilt
angle tested from 0<to 80<of axial tilt. Under a slight inclination, the measured curve almost

overlaps the @200 mm reference circle. While the increase of tilt angle, the curve deforms. As
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presented in Table 3.1, the mean value and the standard deviation (STD) of the curvature width

were calculated and compared to define the acceptable axial tilt angle of the device.

Sensor placement Example of measured curvature

Axial tilt: 0°

—— Device measurement
Axial tilt: 0° .
—-— @200mm circle

202.1mm

Axial tilt: 10°

201.9mm

Axial tilt: 20°

202.2mm

Axial tilt: 30°

Axial tilt: 30°

203.5mm

Axial ilt: 40°

208.5mm

Axial tilt: 50°

205.0mm

Axial tilt: 60°

207.8mm

Axial tilt: 70°

W
215.6mm

Axial tilt: 80°

241.9mm

Figure 3.30. Example of a measured curvature while measuring the €200 mm circular mount at various
axial tilts.
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Table 3.1. Mean value and standard deviation of the width of the circular mount at different

axial tilts with ten measurements per angle (Hong et al., 2022).

Tilt value Mean (mm) STD (mm) Determination
0< 201.58 0.86
10° 201.74 0.91
20° 201.79 1.03 s
30° 201.87 1.39
40° 202.19 2.85
50° 203.05 4.09
60° 203.67 5.06 Unacceptable
70° 205.87 9.69
80< 227.77 28.45

The accuracy of the curvature measurement device is relatively high at axial tilts of less than
40< The mean value of the width of the measured curves varies in the range of 201.58 mm - 201.87
mm, which is about 99% accurate compared to the diameter of the circular base. The standard
deviation is between 0.85 mm - 1.39 mm, which exhibits high accuracy. A small standard deviation
indicates that the data has low dispersion, and the value is usually closer to the mean. However, as
the axial tilt angle increases, the device accuracy decreases. When the axial tilt angle reached 40<
the measured curve width was 202.19 mm, and the standard deviation was 2.85 mm; the standard
deviation has a 105% increase compared with the 30<axial tilt. The larger standard deviation
indicates a higher degree of data dispersion, which decreases the measurement accuracy. Therefore,
+30“was set as the acceptable axial tilt range, allowing the system to work with high measurement
accuracy. The occurrence of axial tilt exceeding 30°will be displayed in the GUI with a red

background and red cross to alert the operator to the anomaly (Figure 3.26).

90



3.1.7.2 Measurement accuracy

The device's accuracy was evaluated with the sensor tape mounted on a @00 mm circular
base and set to 0 axial tilt. Figure 3.31(a) shows the results of ten repeated measurements plotted
through AutoCAD. Figure 3.31(b) is the average of ten measurements plotted in blue. Compared
with a @00 mm circle by the AutoCAD software, the maximum measurement error is 2.12 mm.

Therefore, the accuracy of the device is approximately 99%.

— \\ (b)

@200mm circular mount (red) \\

The average of measured values (blue)

p200mm circular mount (red)

10 measured shapes (black)

Figure 3.31. Comparison of measured curvatures (Hong et al., 2022). (a) Shapes of ten measurements;
(b) Presentation of measurement errors.

3.1.7.3 Reliability

Experiments were conducted to investigate the reliability of the device. Fifteen volunteers
without spinal injury, deformity, or pathology were recruited at the university, and their age was
(28.6 £3.0 years). All volunteers could maintain a standing position with their arms extended
horizontally for 5 minutes. This study was reviewed and approved by the departmental research

committee of the institutional review board of the Hong Kong Polytechnic University. The
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reference number for ethical approval is HSEARS0020201223001. All volunteers were notified
of the experimental procedures and signed the informed consent document. This experiment was
carried out in the human movement laboratory of the Hong Kong Polytechnic University.
Experiments include the measurement of spinal curvature in the prone position using a motion
capture system and spine curvature measurement using the curvature measurement tape. The
reliability of the proposed spine curvature measurement device can be understood by comparing
the results of the two methods. A motion capture system with eight cameras (Vicon Nexus, Oxford
Metrics Limited, Oxford, United Kingdom) was adopted to obtain the marker coordinates on the
volunteer's back. A thin foam mat was located on the ground and near the center of the capture
area. The width direction of the mat was parallel to the x-axis of the Vicon system. For head
support, a prone pillow (PP83200073, Treasure company, Nangchang city, China) (Figure 3.32)

was used and placed above the foam mat.

Figure 3.32. The foam mat and prone pillow.

The volunteer was shirtless or wearing tights. The swimming cap with buckle holder (Figure
3.9) was used to secure the start of the curvature measurement tape. The volunteer was lying on
the foam mat in a prone position, using the prone pillow for head support and limbs aligned to the
body. The curvature measurement tape was placed along the centerline of the volunteer’s back,

starting from the occipital protuberance, along the spine, till or over the median sacral crest (Figure
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3.33(a)). Wait till a stable prone position of the volunteer; the operator records and saves the data
of the curvature measurement tape on the computer through the GUI. The curvature measurement
tape was removed, followed by the placement of thirty reflective markers for the motion capture
system along the volunteer's back with the same starting and ending points as the curvature
measurement tape (Figure 3.33(b)). When the volunteer was in a stable prone position, the operator

recorded the coordinates of all marked points through the motion capture system.

Figure 3.33. Experiments in the prone position (Hong et al., 2022). (a) The experiment of back curvature
measurement by the sensor tape; (b) Placement of reflective markers for the motion capture.

Based on the measured curvature, a regression line was constructed between the occipital
eminence and the median sacral crest, named body inclination (BI). The regression line represents
the inclination of the head and torso. Other regression lines were created to measure the neutral
curvatures of the spine. The joint of the regression lines in the cervical region creates the cervical
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lordosis angle (CLA), the thoracic region creates the thoracic kyphosis (TKA), and the joint of the

regression lines in the thoracic and lumbar region creates the lumbar lordosis angle (LLA) (Figure

3.34).
—&— Spine curvature
- BI
100 -= Regression 1
OCClpltaI Protuberance Regression 2
* Regression 3
Median Sacral Crest Regresslon 4

omm)

CLA e '
/ﬁ; ”\\
-100 0 tnm) 300
Body inclination (BI)

Measured spinal curvature

Figure 3.34. lllustration of spine parameters for device validation.

The marker coordinates captured by the motion capture system were the center of ball
markers Figure 3.35, which were 14 mm in diameter and had a 7 mm offset from the marker root.
For consistent comparisons between the Vicon system and the curvature measurement device, the
marker roots' position was calculated instead of the coordinates of ball marker centers. Both the
motion capture system and the sensor tape system use the same calculation method to obtain spine
parameters, including CLA, TKA, LLA, and Bl.Figure 3.35. The graphical user interface of the

Vicon Nexus 2.11.

Table 3.2 shows the LLA, TKA, CLA, and Bl values. The CLA: device = 32.65 +8.21<
Vicon = 32.08 +£8.10< The TKA: device = 19.90 +7.64< Vicon = 19.83 +7.13< The LLA:
device = 23.60 =+ 6.39< Vicon = 23.70 =+ 7.04< The BI: device = 3.33 + 10.68<

Vicon=23.51 +£11.10< The parameters' results were comparable between the sensor tape data and
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recordings from the Vicon system. Strong correlations were found by correlation analysis between

LLA, TKA, CLA, and Bl (LLA: r=0.96, TKA: r=0.99, CLA: r=0.97, Bl: r = 0.98).
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Figure 3.35. The graphical user interface of the Vicon Nexus 2.11.

Table 3.2. Comparison of data measured by the curvature measurement device and the Vicon
system (Hong et al., 2022).

Cervical lordosis  Thoracic kyphosis = Lumbar lordosis  Body inclination

Sensor Motion Sensor Motion Sensor Motion Sensor  Motion
tape capture tape capture tape capture tape capture

Mean 32.65° 32.08° 19.90° 19.83< 23.60° 23.70° -3.21° -3.11°

Standard

. 8.21< 8.10° 7.64° 7.13° 6.39° 7.04° 1.98< 1.94<
deviation

Minimum 21.88° 22.89° 5.69° 6.43° 12.70° 11.15° -7.15° -6.49°
Maximum 51.58° 51.03° 30.73° 30.24< 34.64< 35.86° 0.37° 041°

correlation 0.97 0.99 0.96 0.98
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Figure 3.36 shows the Bland-Altman plot results of the CLA (a), TKA (b), LLA (c), and BI

(d) for the data recorded by the curvature measurement strip and the motion capture system,

respectively. The differences in the data were normal distribution (Shapiro-Wilks p > 0.05); both

curves show 95% confidence intervals, and the diagrams of the Bland-Altman plot were satisfied.
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Figure 3.36. Graphically presented each volunteer's mean and difference in curvature measurement
device and motion capture system (Hong et al., 2022). (a) The angle of cervical lordosis; (b) The angle
of thoracic kyphosis; (c) The angle of lumbar lordosis; (d) Body inclination.

3.1.7.4 Repeatability

The repeatability test was performed by repeating measurements of the supine position with

the curvature measurement device and an impression of the back. The laboratory was placed with

a mattress in normal stiffness (C123B, Sinomax Limited, Guangdong, China) and a cervical pillow

(CH-Pillow-TDI, Benelife Limited, Guangzhou, China). The cervical pillow was placed on the



centerline of the mattress. A flexible leak-proof plastic sheet covers the sleeping support system
to avoid leaks. Four layers of plaster bandages (P-20066, 3M Company Limited, St. Paul, USA)
were placed above the plastic film (Figure 3.37(a)). The volunteer was lying in a supine position,
the cervical pillow supported his head, and his legs were stretched and relaxed, with arms
paralleled with legs in the sagittal plane. Wait until the cure of plaster bandages to complete the
impression of the volunteer's back geometry. Remove the plaster bandage and place the curvature
measurement tape on the sleeping support system. Fifteen repeated measurements of the
volunteer's spinal curvature using the curvature measurement tape. The data collection procedure
was conducted with the volunteer lying relaxed in a supine position. The shape of the plaster
bandage (Figure 3.37(b)) was captured by a 3D scanner (HandySCAN-700, Creaform Limited,
Quebec, Canada), and the obtained parameters were compared with the results from the curvature

measurement tape.

Figure 3.37. Experiment design (Hong et al., 2022). (a) The setup for back impression;
(b) The cured plaster bandage.
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The repeatability study was conducted with repeated measurements of the spine parameters
in the supine position. The volunteers' backs were cast with plaster bandages, the cured plaster
bandage was captured with the 3D scanner, and the spine parameters were compared using
AutoCAD software. Spine parameters of back impressions were: LLA = 15.17< TKA =33.15%
CLA = 36.049 and angles measured by the curvature measurement tape were: LLA = 15.64 +
1.125 TKA =32.48 +£0.98< CLA: 37.63 +£2.24°) show a high degree of similarity. Figure 3.38
shows that the correlation analysis exhibited a significant linear relationship between the plaster
impression and the device measurement. (r = 0.98). A Pearson's correlation coefficient of 0.7 to

1.0 represented a strong positive linear relationship through a firm and linear rule (Ratner, 2009).
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Figure 3.38. Jitter plot results for correlation analysis.
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3.2 Experimental design

Previous studies have suggested that mattress stiffness affects spinal curvature, but the
curvature in the supine position has less been quantified and described. Moreover, mattress support
research was generally concentrated in the C7 to L5 vertebrae, excluding the craniocervical region.
Therefore, experiments were conducted to quantitatively measure and depict the whole spinal
curvature of lying supine on mattresses of different stiffness to understand the relationship between

the mattress stiffness and spinal curvature.

3.2.1 Volunteers

Sixteen volunteers participated in this experiment through the university platform. All
volunteers had no history of spinal injury, deformity, or pathology. All volunteers were able to
remain standing with their arms extended horizontally for more than 5 minutes. VVolunteers' height,
weight, age, and BMI were 1.703 +0.078 meters, 64.8 £13.6 kilograms, 29.4 £5.1 years old, and
22.2 +£3.4. This research was reviewed and approved by the departmental research committee of
the Hong Kong Polytechnic University. The tracking number for the ethical approval is
HSEARS0020201223001. The experimental procedures and signed informed consent forms were

delivered to all volunteers.

3.2.2 Materials

A mattress manufacturer supplied three polymer foam mattresses (C122A / C123B / C105H,
Sinomax, Shenzhen, China) of different stiffnesses. The manufacturer considers them
representatives of a hard mattress (HM), a medium mattress (MM), and a soft mattress (SM). The
25% compression indentation load deflection (ILD) for mattress materials was HM: 120 Ibs, MM:
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42 lbs, and SM: 20 Ibs. These three mattresses have the exact dimensions of 1900 %1200 = 200
mm. A common shape cervical pillow (TDI-0553511, Infinitus Company Limited, Guangzhou,
China) was used in this research to create a familiar sleep environment. The appearance and

dimensions of the pillow and mattress are displayed in Figure 3.39.

Unit:mm

Figure 3.39. The appearance and size of the mattress and pillow.

3.2.3 Equipment

Existing techniques are challenging to measure the spine morphology in the supine position
in an effective way. Therefore, this study developed the curvature measurement tape to measure
the covered curvature. This experiment adopted this self-developed curvature measurement tape
to obtain the spinal curvature in the supine position. This device has been validated in Section
3.1.7, and we believe it can effectively measure spinal curvature in the supine position. The
measurement length of the sensor tape is 870 mm, which is long enough to measure the whole

spine of a human body. This device integrates 30 small and thin MEMS accelerometers to measure

100



29 lines or arcs. The improved algorithm converts the sensor data to circular arcs or lines,
connecting them into a curvature. The measurement data can be quantified and analyzed by CAD
software. This FPC-based sensor tape is thin and flexible, with limited interference with sleeping
positions. When measuring a @200 mm circle, the dimensional accuracy is approximately 99%

(Hong et al., 2022).

3.2.4 Experimental procedures

Human experiments were conducted to quantitatively measure the spinal curvature using the
curvature measurement tape to compare the spinal curvature under mattresses with different
stiffnesses. Figure 3.40 shows that the three mattresses were placed parallel on the laboratory floor,

and the cervical pillow was placed on one of the mattresses.

T |

g ety ’ Curvature Measurement Tape Cervical Pillow
1
i

= RIS TR £

Medium Mattress (MM) Hard Mattress (HM

Figure 3.40. The placement of mattresses for the experiments, with the pillow and curvature
measurement device on the middle mattress (Hong et al., 2022).
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The curvature measurement tape was located on the centerline of one of the mattresses and
pillow to measure spinal curvature (Figure 3.41(a)), and Figure 3.41(b) shows the GUI with a
measured curvature. Considering that insufficient deformation of the hard mattress may result in
a gap between the lumbar lordosis and the top of the mattress, a soft foam was placed below the
sensor tape to secure that the sensor tape was in contact with the volunteer's back. VVolunteers wore
tights or were topless and laid on the sleeping support system in a supine position. Their limbs
were aligned to the body. After the volunteers' postures were stabilized, their spine curvatures were
obtained through the curvature measurement tape, and the quantified data was stored on a
computer. Data collection procedures were repeated on three mattresses based on the randomized
crossover trial. The software package represents the spinal curvature by connecting 29 arcs or
lines, each with three points (Xstart, Ystart, Xmid, Ymid, Xend, and Yend) representing a part of the spinal

curvature. The data was loaded into CAD software for analysis in the post-processing stage.
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Figure 3.41. Close-up of the experimental setup (Hong et al., 2022). (a) The placement of the sensor
tape; (b) The customized graphical user interface.
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3.2.5 Spine parameters

Spine parameters were defined in terms of the displacement and deformation of the spine
alignment in the sagittal plane. When lying down, the body may have different inclinations based
on the stiffness of the mattress (Haex, 2004). Therefore, based on the measured curvature of the
spine, as shown in Figure 3.42, a line was linked to the tangent point of the thoracic kyphosis and
the sacral kyphosis, which represents the torso inclination (TI). The distance from the rear head to
TI was described as head distance (HD), the distance from cervical lordosis to Tl was described
as cervical lordosis distance (CLD), and the distance from lumbar lordosis to T1 was described as

lumbar lordosis distance (LLD).

TI:  Torso Inclination (Degree)

HD: Head Distance (mm)

CLD: Cervical Lordosis Distance
(mm)

LLD: Lumbar Lordosis Distance
(mm)

Figure 3.42. lllustration of spinal parameters (Hong et al., 2022).

3.3 Computational simulation

Several human finite element (FE) models were developed and applied for biomechanical
analysis, including forces and deformations of the internal structure of the human body. FE models
with cervical ligaments (Barker & Cronin, 2020; John et al., 2019; Nikkhoo et al., 2019;
Zafarparandeh et al., 2014) and lumbar spine ( Bojairami et al., 2020; Zhang et al., 2021) were
developed to simulate quasi-static loads. These models were targeted to understand the spine’s

internal changes under external loads.
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Recently, FE models that integrate sleeping support systems and the human model were
developed for sleep analysis. These models involved a two-dimensional FE model (Yoshida et al.,
2012) that analyzes soft tissue loading to evaluate the impact of mattresses on sleep comfort.
Another set of FE models of the human body contour (Lee et al., 2017) was created, with the
geometry obtained based on a 3D scanner. The study reported the ability of a FE model to predict
the pressure distribution between the body and the bed in the supine position. However, the
absence of internal structures such as bones and ligaments may dispute the reliability of the
simulation. Overall, the FE models developed in these studies usually with a high degree of
simplification. It must be acknowledged that the human body involves complex structures,
especially the musculoskeletal system, which includes bones, ligaments, tendons, muscles, and
other tissues and organs. The spine contributes stiffness and mobility to the body, and the ribcage
and pelvis create higher trunk stiffness (Haex, 2004). Finite element models with more detailed
anatomy taking into account the geometry of the intervertebral disc can provide additional
evidence for an objective representation of mattress comfort (Wong et al., 2019). However, the
previous FE models have highly simplified the human body structure, which may affect the

accuracy of the simulation.

This study developed a FE model with more detailed internal structures, including vertebrae,
intervertebral discs, and spinal ligaments, to reveal the impact of different sleeping support systems
on the internal structure of the human body. The procedures of computational simulation mainly
involved the creation of the human body model, construction of sleeping support systems, model
assembly, mesh convergence, setup of the boundary and loading conditions, model validation, and

computational simulation.
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3.3.1 Construction of the human model

The human model was constructed based on a male volunteer, his body was subjected to
MRI scans, and the MRI files were 3D reconstructed, assembled, and meshed in preparation for

computational simulation.

3.3.1.1 Volunteer information

The volunteer of this study was an adult male without any spinal disease. He was 37 years
old, 176 cm, and 74 kg. Figure 3.43 illustrates the human model's construction processes, including
medical image acquisition, geometric reconstruction, creation of ligaments, and FE simulation

mesh generation.

Medical - Geometry - Ligaments -’ Mesh
imaging w reconstruction » creation generation

Figure 3.43. Illustration of the human model creation process from medical imaging to mesh creation
(Hong et al., 2022).
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3.3.1.2 Geometry reconstruction

The volunteer's body contours and internal structures were obtained by an MRI (Philips
Achieva-3.0T, Philips Healthcare, MA, USA) medical imaging machine. The scanned files were
saved with digital imaging and communications in medicine (DICOM) format. As shown in Figure
3.43, the files were loaded and processed by 3D medical image engineering software Mimics
(Mimics V19, Materialize, Leuven, Belgium) for geometry reconstruction (Figure 3.44). The
structures of the body contour, skull, vertebrae, rib cage, shoulder blades, clavicles, pelvis, femurs,

shanks, and feet were reconstructed.

The reconstructed stereolithography (STL) files were loaded into 3-matics software (version
19, Materialise, Leuven, Belgium) for parts post-processing. All 3D parts were remeshed and
smoothed. Figure 3.44(a) shows that an intervertebral disc was created based on vertebrae
subtraction to match the endplate geometries. A local smoothing process was applied to remove
the sharp edges, and the smoothed part is shown in Figure 3.45(b). Since MRI scans have limited
resolution, some anatomy books (Drake et al., 2020; Gilroy et al., 2020; Vital & Cawley, 2020)

were also used as references for the modeling process.

The solid parts included the bulk soft tissue throughout the body, 34 pieces of bones, 24
pieces of intervertebral discs, the rib cage, and the brain tissue inside the skull. Intervertebral discs
are located between two nearby vertebrae. They were created by filling the space between the two

vertebrae through the Boolean subtraction.
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Figure 3.44. Screen capture of Mimics interface.

(a)

(b)

Figure 3.45. An intervertebral disc during processing. (a) Intervertebral disc created based on boolean

subtraction of parts; (b) local smoothing of an intervertebral disc.
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3.3.1.3 Ligaments creation

Ligaments play an essential role in stabilizing the spine (lzzo et al., 2013; Sharma et al.,
1995). Major spinal ligaments were constructed based on anatomy atlases (Drake et al., 2020;
Gilroy et al., 2020; Vital & Cawley, 2020). This model involved multiple ligaments, including the
anterior longitudinal ligament, ligamentum flavum, interspinous ligament, transverse ligament,

posterior longitudinal ligament, and facet capsular ligament (Figure 3.46).

The model configuration significantly impacts the calculation accuracy of the FE model.
Therefore, the careful creation of ligaments is beneficial to the accuracy of computational
simulations. The cross-sectional area of each ligament group for different spinal regions was
obtained from the literature. This study constructed multiple parallel or near-parallel trusses to
represent a membrane-like ligament. The number of truss elements used for each ligament is listed
in Table 3.3. The truss diameter was calculated based on the cross-sectional area of the ligament

and the number of trusses representing the ligament.

When the ligament is under tension, such as the anterior longitudinal ligament in the posture
of spine extension, the ligament limits the displacement between the vertebrae. Conversely, when
the ligament is under compression, such as the anterior longitudinal ligament in the flexion of the

spine, the ligament does not function biomechanically.

In the initial phase, ligaments relax, and they function to limit the movement of bones under

tensile loads.
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Table 3.3. Cross-section area of spinal ligaments and the truss creation parameters.

Cross-section area Number of Truss diameter
1 ” References
of ligament (mm?) truss elements (mm)
Anterior longitudinal ligament 111 5 1.7
5 Capsular ligament 42.2 12 2.1
m -
% Flava ligament 46 (Nikkhoo et al., 5 3.4
2 Interspinous ligament 42.2 2019) 7 2.8
S Intertransverse ligament 13 2 2.9
Posterior longitudinal ligament 11.3 5 1.7
Anterior longitudinal ligament 33.1 5 2.9
S Capsular ligament 28.7 12 1.7
o .
2 Flava ligament 28.6 (Balasubramanian 5 2.7
2 et al., 2022; Chazal
& Interspinous ligament 20.9 etal., 1985) 7 1.9
o
= Intertransverse ligament 21 2 3.7
Posterior longitudinal ligament 18 5 2.1
Anterior longitudinal ligament 32.4 5 2.9
S Capsular ligament 42.2 12 2.1
&  Flava ligament 84.2 (Balasubramanian 5 4.6
= et al., 2022; Pintar
2 Interspinous ligament 35.1 etal., 1992) 7 2.5
3 Intertransverse ligament 25.2 2 4.0
Posterior longitudinal ligament 5.2 5 1.2
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3.3.1.4 Material properties

This FE model involves various materials, including soft tissue, bone,
intervertebral discs, ribs, and ligaments. All materials were defined as linear elastic
materials. The parts' mechanical properties were acquired through literature and listed

in Table 3.4.

Figure 3.46. Part of spinal ligaments involved in the FE model.
3.3.2 Sleeping support system

The sleep support system was constructed in a different way than the human
model. The material properties were obtained through material tests, and the geometry
of the sleeping support systems was obtained through measurement and then

reconstructed through CAD software.
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Table 3.4. Properties of materials adopted for the computational simulation

(Hong et al., 2022).

Parts Property of materials References
Rigid bones E=120GPa/v = 0.30 (Chietal., 2015)
Rib cage E=49GPa/v=0.30 (Agnew etal., 2013)

Encapsulated soft tissue

E=15.0KPa/v=0.49 (Lizee etal., 1998)

Ligaments
Anterior longitudinal
Capsular
Flava
Interspinous
Intertransverse

Posterior longitudinal

E=11.9 MPa/v=0.39
(Jones & Wilcox,

2008; Kumaresan et
al., 1999; Nikkhoo et

E=23.4MPa/v=0.39 al., 2019)

E=7.7MPa/v=0.39

E=24MPa/v=0.39

E=10.0 MPa/v=0.40

E=125MPa/v=0.39

Foam material

Soft mattress

Medium mattress

Hard mattress

Pillow

Figure 3.48 /v=0.01

The ground

Rigid

3.3.2.1 Material test

Polymer foams were fabricated from solid materials through a foaming process.

Since foam materials have low density and take up a lot of space for transportation

and storage, manufacturers usually perform the foaming process to improve space

utilization. Therefore, most foam materials for mattresses are non-standard. A machine
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for the plastic tensile test (Instron-5569, Instron Company Limited, MA, USA) was
adopted to obtain the foam materials' stress-strain properties (Figure 3.47) for

computational simulation.
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Figure 3.47. The material test machine and a specimen being tested.

The test results are shown in Figure 3.48. The testing specimens were cut to 14
cm in diameter and 20 cm in height. Poisson's ratios were obtained by measuring the

material diameter during the material testing and are listed in Table 3.2.
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Figure 3.48. Plot of compressive stress-strain curves from material tests.

3.3.2.2 Computational model of sleeping support systems

The computational model of sleeping support systems was reconstructed by
CAD software (AutoCAD R13, Autodesk, California, USA) based on the mattresses
and the pillow used in the experiments. The appearance and dimensions of the mattress

and pillow are shown in Figure 3.39.

3.3.3 Meshing parts

Mesh creation is an integral part of computational simulation. Proper mesh type
and size are critical for an efficient simulation. This study used Abaqus 6.14 (Simulia,
Dassault Systames Limited, France) to mesh the FE model. The solid parts involved
the skull, brain, 24 pieces of vertebrae, 24 pieces of intervertebral discs, scapula,
sacrum, pelvis, femur, lower leg, and feet. These parts meshed with linear tetrahedral

elements (C3D4). A total of 986 trusses were created as ligaments and attached to the
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bone structure; all ligaments meshed with two-node truss elements (T3D2). The
sleeping support system consists of a pillow and a mattress, and meshed with

hexahedral elements (C3D8) and placed on a rigid, nondeformable ground plate.

If the mesh is too coarse, the calculation accuracy may be reduced. If the mesh
is too fine, it may significantly consume computing power and cause excessive
calculation time. Literature suggests that cervical discs are smaller in volume than
other discs (Waxenbaum et al., 2017), and previous studies have indicated that the
lower part of the cervical spine is the region of most degenerative cervical myelopathy
(Nouri et al., 2015). Therefore, the mesh convergence process was conducted under
an axial loading applied to the C4-C5 vertebrae and the intervertebral disc between the
two vertebrae. Figure 3.49 shows the configuration of the mesh convergence test. The
vertebrae C5 was fixed, and a compressive load was applied on the top of vertebrae
C4. Concerning the weight of the head in an upright position (Hansraj, 2014), the force

applied to the vertebra C4 was set to 50N.

Referring to other studies of computational simulation (Peng et al., 2021; Wong
et al., 2018), the initial value of the mesh size for the mesh convergence test was set
to 5mm, and the mesh size was refined at an interval of 10%. The peak value of Von
Mises stress at intervertebral disc C4-C5 was compared during the mesh refinement
procedure. In the end, the mesh size of the vertebrae and intervertebral discs was
determined to be 3.0 mm since the deviation of the new calculation result was less
than 5% compared with the previous one, which was considered the appropriate mesh

size (Chen et al., 2019).
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Figure 3.49. The loading and boundary condition for the mesh convergence test.

3.3.4 Boundary and loading conditions

Boundary conditions were created to constrain the model. If the model lacks
constraints, an extreme case would be an endless fall of the whole model. This study
created a non-deformable rigid plate as the ground to support the sleeping support
system (Figure 3.50). The ground plate was fully constrained from movement or
rotation. The mattress on the ground has degrees of freedom in all aspects and can be
freely deformed. The cervical pillow was placed on top of the mattress, and the contact
area had a friction coefficient of 0.65. The human model was located above the pillow

and the mattress with zero clearance.

When gravity is applied, the human body will sink, and the sleeping support
system will bear the weight of the human body, both of which may be deformed. The
relatively fine and complete spine structure helps to make the deformation of the

human model closer to the actual situation.
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Figure 3.50. The configuration of boundary and loading conditions for the finite element
analysis.

Loads were applied to the FE model through the setup of loading conditions.
There are various types of loading that can be created in the FE. The loads can be
applied to points, surfaces, edges, nodes, and elements. As shown in Figure 3.50, a
uniform gravity (g =9.81) downward to the ground plate was created, and the loading
was applied to the whole model. The ground plate was locked, supporting the sleeping
support. Under gravity loading, the sleeping support system and the human model

above were both deformed.

3.3.5 Interaction between components

Interactions were created to connect the components between the human model,

the sleeping support system, and the interaction between the two.

From C2 to the sacrum, there are 24 vertebrae and intervertebral discs. Vertebra

endplates and intervertebral disc surfaces were connected in "Tie" contacts. A large
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number of ligaments were also connected to the corresponding locations of the
vertebrae and bone surfaces in tie constraints. Due to the vertebrae's high mechanical
strength properties, the deformation of the vertebral column is generally achieved by

the deformation of intervertebral discs.

Bones interact with the bulk soft tissues through "Tie" contacts. The joints that
connect the bones were contacted in a "frictionless” tangential behavior to allow the

movement of the limbs when subjected to gravity.

Contact behavior is another critical factor affecting the accuracy of
computational simulation. Improper settings can cause intrusions between
components and result in inaccuracies. Based on the test data, the coefficient of friction
between the mattress and the pillow was set to 0.65. Displacement of the mattress
bottom in the z-direction was restricted, and a friction coefficient of 0.5 was applied
above the ground plate, which supports the sleeping support system and the human
model. The friction coefficient between the human model and the sleeping system was

setto 0.4 (Lee et al., 2017; Zhang & Mak, 1999).

The musculoskeletal system would deform when loading gravity onto the human
model, and contact may happen between components. The sleeping support system
supports the human body in multiple regions, such as the head, neck, back, buttocks,
and legs. In the supine position, gravity deforms the soft tissues and sleeping support
system; the bones are hard enough that only slight deformation occurs. However, the
bones can be rotated along the joints to change the limb positions in response to gravity.
Changes in the shape of the vertebral column cause stress and deformation of the

intervertebral discs. Spinal ligaments constrain and limit the motion of the vertebrae.
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3.3.6 Model validation

As described in Section 3.2, the human experiments were conducted and
measured the spinal curvatures while lying on different stiffness of mattresses. Sixteen
volunteers were supine on three mattresses of different stiffness, with their heads
supported by the same cervical pillow. The experimental data was adopted to validate

the FE model.

The FE model was validated through the comparison of the spine parameters
between the experimental measurements and the computational calculations. Spine
parameters were extracted by CAD software, including the HD, CLD, and LLD.
Measurement of lying supine on the soft mattress: HD = 85.8 + 21.5 mm,
CLD =96.6 £18.3 mm, LLD = 22.9 6.5 mm; while model calculation: HD = 71.8
mm, CLD =94.6 mm, LLD = 22.8 mm. Measurement of lying supine on the medium
mattress: HD = 55.3 8.9 mm, CLD = 69.9 £6.8 mm, LLD = 22.2 £4.8 mm; while
the computational result: HD = 51.8 mm, CLD = 82.4 mm, LLD = 22.3 mm.
Measurement of lying supine on the hard mattress: HD = 60.0 £11.0 mm, CLD =
70.2 £6.3 mm, LLD = 11.6 £5.2 mm; while the FE prediction: HD = 49.5 mm,

CLD=79.0 mm, LLD =14.3 mm.

Eventually, there are 48 non-zero distance data pairs (n = 48) between
experimental measurements and FE predictions. Data were analyzed by SPSS 21 (IBM,
New York, NY, United States). As shown in Figure 3.51, the correlation analysis
indicated a clear linear relationship between experimental measurements and
computational predictions (r=0.88; p <0.001). Since Pearson's correlation coefficient
is greater than 0.7, this can infer a strong positive linear relationship through a firm

and linear rule (Ratner, 2009).
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Figure 3.51. Jitter plot for correlation analysis between computational predictions and
experimental measurements for model validation (Hong et al., 2022).
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Chapter 4 Results

This study consists of three parts, including the development of the curvature
measurement tape to measure the covered curvature for research purposes, human
experiments on the influence of mattress stiffness on spinal curvature, and the
implementation of the FE method to understand changes and loads on the human body
model. Since the development and validation of the curvature measuring tape were
reported in Section 3.1, this chapter will present the measurement results of human

experiments and the prediction results of the FE method.

4.1 Experimental results

Experiments were conducted at the biomechanics laboratory on the university
campus. Sixteen volunteers were lying supine on three mattresses of various stiffness,
named hard, medium, and soft, with indentation load deflections of 120, 42, and 20
Ibs. The volunteer's head was supported using a cervical pillow. Figure 4.1 shows side
views of lying on mattresses with different stiffnesses; visually, the trunk sinks deeper
into the soft mattress, but there was no noticeable difference in the head height
between the three mattresses. However, the spinal curve between the sleeping support

system and the human body cannot be measured quantitatively by visual inspection.

Table 4.1. Measurement results of human experiments.

Soft Medium Hard
mattress mattress Mattress
TI (%) 6.86 £ 4.85 3.64£1.09 1.56 £ 0.63
HD (mm) 85.8+215 55.3+8.9 60.0+11.0
CLD (mm) 96.6 + 18.3 69.9+6.8 70.2+6.3
LLD (mm) 229+6.5 22.2+4.38 11.6+5.2
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Figure 4.1. Side views of lying supine on different stiffness sleeping support systems.

The curvature measurement tape measured the spinal curvature, and the spine

parameters were extracted by CAD software and shown in Table 4.1.

Figure 4.2 shows the box plot of the experiment results, with the TI, HD, CLD,
and LLD presented separately. In a comparison of T1 between the three mattresses, the
soft mattress environment measured the highest average value of Tl as 6.86 +4.85< a
moderate T1 value was obtained in the medium mattress environment as 3.64 £1.09<
and the smallest Tl value was exhibited in the hard mattress environment as
1.56 +0.63< Significant differences in T1 values were found, the soft versus medium
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mattress, p < 0.05, the soft versus hard mattress, p < 0.001, and the medium versus

hard mattress, p < 0.001.

* ok %

* & ok ok

10.0 130
% ok %k
~ 9.0 1 120
% 8.0
g” . £ 110
S 7.0 %100
6.0
S g 90
& 50 © °
k= 2 80
S 4.0 I~ (]
< o 70
= 3.0 @ '|'
o p— [
2 20 T 60 [ | .
= 1 1 T
1.0 50 J_ L
0.0 40
* k%
%k I
[ | 8¢ 3k ok
140 ** K 35 1
— —_
E 130 g 20
8 120 3
5 c 25 °
©
3 110 %
Q 100 o 20
% » J_
w
_g 90 ° _5 15 T
3 % % e R T .
T 70 $ 5
3 8 1
5
§ 60 %
50 0
‘I Soft Mattress B Medium Mattress O Hard Mattress — FE Prediction‘

Figure 4.2. Box plot of experimental results and computational predictions of spine
parameters; * represents p < 0.05, *** represents p < 0.001, and ° represents an outlier
(Hong et al., 2022).

HD represents the closest distance of the head to the T1. A lower HD value means
the head is lower while lying. In the soft mattress environment, the highest average
value of HD was measured at 85.8 =21.5 mm, the HD value in the medium mattress
environment was 55.3 8.9 mm, and it was 60.0 =11.0 mm in the hard mattress
environment. There were significant differences in HD values between the soft
mattress and the other two mattresses, the soft versus medium mattress, p < 0.001, the
soft versus hard mattress, p < 0.001, and there was no significant difference between

the medium and hard mattress, p > 0.05.
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Measurements of CLD appear to have a similar pattern to HD. The greatest CLD
was measured in the soft mattress environment as 96.6 £18.3 mm, the same parameter
measured in the medium mattress environment was 69.9 6.8 mm, and it was 70.2 =
6.3 mm in the hard mattress environment. There were significant differences in CLD
values between the soft mattress and the other two mattresses, the soft versus medium
mattress, p < 0.001, the soft versus hard mattress, p < 0.001, and no significant

difference found between the medium and hard mattress, p > 0.05.

The LLD values measured based on three mattresses appear to have a unique
pattern. The measurement in the soft mattress environment was the largest, at 22.9 +
6.5 mm. The same parameter measured in the medium mattress environment was 22.2
+4.8 mm, very close to the value of the soft mattress. The LLD measured in the hard
mattress environment was 11.6 £5.2 mm. There was no significant difference in LLD
between the soft and medium mattresses, p > 0.05; however, there was a significant
difference between the soft and hard mattresses, p <0.001, and there was a significant

difference between the medium and hard mattresses, p < 0.001.

Overall, this study quantitatively measured the spinal curvature of all volunteers
using curvature measurement tape. Figure 4.3 shows one set of the measured spinal
curvatures. The curvature measurement device measured the spinal curvatures. The
AutoCAD software reconstructed the obtained data with sensor coordinates and

performed the parametric calculations.
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(Hard mattress)

Figure 4.3. The measured spinal curvatures by the curvature measurement tape.

4.2 Computational predictions

The FE method is widely used in biomechanical analysis. Biomechanical
information can be predicted using computational models, whether the concern is on
the surface or deep within the human body. Various data were obtained from
computational simulations, including spinal curvatures for model validation, contact
pressure for sleep comfort assessment, and intervertebral disc loading for sleep health

evaluation.
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Based on computational simulations, the loading distribution and the highest
loading of the intervertebral discs in the supine position have been estimated, which is

very challenging to be measured by in vivo measurements.

4.2.1 Predicted spinal curvature

Although the back was contacted with and covered by the sleeping support
system, the spinal curvature can be visualized by a cross-sectional view in the sagittal

plane. The spine parameters were extracted by CAD software and shown in Figure 4.4.

Figure 4.4. Spine parameters which predicted by the finite element model (Hong et al.,
2022).
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Measurements of spine parameters such as TI, HD, CLD, and LLD were
performed using CAD software based on the sectional computer graphics predicted by
FE simulation. These data were used for model validation (Section 3.3.5) and are also

shown in Figure 4.2.

4.2.2 Predicted contact pressure

Contact pressure measurement systems were designed using flexible and slim
sheet sensors to minimize interference in sleeping support (Chen et al., 2014; Lee et
al., 2015). Anyway, the sensor sheet may still disperse the concentrated loading and
cause an underestimate of the peak pressure (Wong et al., 2019). The FE method also
has the ability to obtain the contact pressure without the interference of the sensor
sheet. This method of predicting the contact pressure through computer calculations is
widely used. The computer-predicted contact pressure between the sleeping support

systems and the human model is shown in Figure 4.5.

In most cases, the soft mattress environment appears to have the smallest value
of peak contact pressures (cervical = 9.7 kPa, occiput = 7.5 kPa, scapula = 4.5 kPa,
hip = 5.9 kPa, calve = 3.3 kPa, heel = 6.9 kPa). Most areas of the medium mattress
environment predicted higher peak pressure than the same region in soft mattress
(cervical = 7.7 kPa, occiput = 7.7 kPa, scapula = 7.2 kPa, hip = 8.9 kPa, calves =
5.3 kPa, heels = 10.1 kPa). Predicted peak contact pressure for lying supine on the
hard mattress is usually significantly higher than the same region in the soft and
medium mattress environments (cervical =5.2 kPa, occiput=_8.9 kPa, scapula=24.3
kPa, hip = 28.6 kPa, calve = 7.4 kPa, heel = 17.9 kPa). The only exception in the

data above is the peak contact pressure of the cervical region, with the highest
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predicted values for the soft mattress environment and the lowest for the hard mattress

environment.

Peak contact pressure at lying position (kPa)

Contact area (cm?)
Pillow: 272 Pillow: 254 Pillow: 251
Mattress: 3962 Mattress: 2974 Mattress: 1915

Figure 4.5. Computed pressure distribution and body contact area by FE method
(Hong et al., 2022).

The computational simulations also predicted the contact area of the human body
with the sleeping support system. Soft mattress environment: pillow = 272 cm?,
mattress = 3962 cm?; medium mattress environment: pillow = 254 cm?, mattress =
2974 cm?; hard mattress environment: pillow = 251 cm?, mattress = 1915 cm?,
The contact area measurement was counted on the area with a pressure greater than

1.0 kPa.

4.2.3 Peak loading of intervertebral discs

One of the advantages of FE analysis is that it can observe the internal structures
of the human body. In this study, all vertebrae and intervertebral discs were modeled.
All the intervertebral disc's Von Mises stress values were extracted in the field output
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as computational results. FE analyses predicted the loading of each intervertebral disc
of the human model lying supine on the three sleep support systems, and the peak

value is listed in Table 4.2.

Table 4.2. Computational prediction of intervertebral disc peak loading (kPa).

Intervertebral Soft Medium Hard
disc mattress mattress mattress

C2—C3 167 97 60
C3—C4 249 131 81
C4—C5 184 87 114
C5—Co6 316 212 186
C6—C7 143 46 36
C7—Tl1 173 41 28
T1—T2 109 24 14
T2—T3 84 28 27
T3—T4 63 48 40
T4—T5 41 43 51
T5—T6 30 73 97
T6—T7 29 74 109
T7—T8 24 67 92
T8—T9 20 63 85
T9—T10 27 59 84
T10—T11 46 68 78
TI11-T12 51 65 87
T12—L1 93 117 119
L1—-L2 50 55 83
L2—L3 92 67 81
L3—L4 56 45 53
L4—L5 66 64 78
L5—Sacrum 40 84 103

Supine placement of the FE model on sleeping support systems of different
stiffness resulted in significant differences in peak intervertebral disc loading. When

lying on the soft mattress, high peak loading of the cervical and upper thoracic discs
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was observed, while low peak loading of the lower thoracic and lumbar discs appeared.
In the medium mattress environment, the peak loading of the cervical and upper
thoracic disc was lower than that of the soft mattress. It was similar to that of the hard
mattress environment. The peak loading of the lower thoracic and lumbar
intervertebral discs in the hard mattress environment was slightly higher than that of
the soft and medium mattresses. The loading distribution of intervertebral discs is

presented in Figure 4.6(a), and the peak loading of each disc is shown in Figure 4.6(b).
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Figure 4.6. Presentation of intervertebral disc loading (Hong et al., 2022). (a) Diagram of
intervertebral discs loading distribution; (b) Peak value of loading on the intervertebral
discs in the lying position.
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4.2.4 Insufficient upper back support

This study used a B-shaped cervical pillow. In a side view, the edges of the
pillow were higher than the concaved middle zone. The pillow edges were designed
at different heights, as shown in Figure 3.39. Users can choose either a lower edge or
a higher edge to support the neck according to their preference. The distance between
the higher edge and the pillow bottom was 110 mm, between the middle zone and the
pillow bottom was 65 mm, and between the lower edge and the bottom of the pillow
was 90 mm. The pillow profile was designed to provide mechanical support to the
neck to maintain the neutral lordosis of the cervical spine. In this study, the lower edge
was used to support the neck. However, the upper back appears suspended, it can be
observed in Figure 4.1, and a perspective drawing of the FE model is shown in

Figure 4.7.

Insufficient support region

Figure 4.7. lllustration of insufficient support region (Hong et al., 2022).
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The low edge of the cervical pillow was 90 mm in height (Figure 4.7). The
considerable height of the cervical pillow is suddenly established on the surface of the
mattress. Such sleeping support may not be the most suitable for the curvature of the

human back.

Future development may vary the shape or material of pillows and mattresses to

develop sleeping support systems that support the human body more evenly.

131



Chapter 5 Discussion

This study developed novel devices for external measurement of spinal curvature
and internal prediction of intervertebral disc loading. Experiments were carried out
with three mattresses of different stiffness, and spinal curvature was measured and

compared.

The curvature measurement tape was constructed based on a tape of integrated
inertial sensors. Sensors were assembled on the flexible circuit using surface mount
technology to achieve low thickness and high flexibility. A new algorithm was
developed during the device improvement phase to improve measurement accuracy.
A new GUI was programmed to provide a real-time curvature display of the curvature
measurement device. The concept of axial tilt was introduced, the tilt angle can be
displayed on the GUI in real-time, and any abnormally tilted sensor will have a red
cross warning on the GUI. Equipment testing was performed to evaluate equipment
accuracy and understand the acceptable range of axial tilt. The device has been tested

and validated and is believed to be able to obtain spinal curvature in the supine position.

A cervical pillow and three mattresses of varying stiffness were used for human
experiments. The mattresses were hard, medium, and soft, with indentation load
deflections of 120, 42, and 20 Ibs. The volunteers were lying supine, and the curvature
measurement tape was applied to obtain their spinal curvatures. Spine parameters were
extracted by CAD software and compared. The experiment found that when lying
supine on a soft mattress, the volunteers' head distance was raised by 30.5 + 15.9 mm,
and the cervical lordosis distance was raised by 26.7 + 14.9 mm compared with the

medium mattress. The head and cervical lordosis distances while lying supine on the
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hard mattress were similar to those of the medium mattress, but the lumbar lordosis

distance was reduced by 10.6 + 6.8 mm.

The FE method was adopted for the biomechanical analysis. Model validation
was performed by comparing the measured spine curves with the predicted values of
the FE model. As stated in the previous paragraph, the distance between the head and
the cervical lordosis was increased when lying supine on the soft mattress. The FE
model shows that when lying on the soft mattress, the peak disc loading was increased
by 49% compared to the medium mattress environment. The lumbar lordosis distance
was reduced when lying on the hard mattress. However, no significant rise in the peak
loading of intervertebral discs was observed. The FE method also predicted the contact
pressure between the human back and the sleeping support system. It was found that
the contact pressure of the hard mattress scenario was significantly higher, which may

lead to discomfort and an increased risk of health problems for the user.

5.1 Curvature measurement tape

5.1.1 Significance of the device

Spine alignment plays an essential role in sleep health, and spine misalignment
can lead to neck pain (Blanpied et al., 2017; Genebra et al., 2017) or lower back pain
(Chohanetal., 2019; Lam et al., 2022). The spinal curvature in the supine position can
provide important biomechanical information (Haex, 2004) for assessing and
improving sleeping health. However, the existing spinal measurement methods cannot
effectively measure the spine alignment in the supine position. Although medical
imaging methods such as MRI, CT, or X-ray scans can obtain the spine alignment in

the supine position, limitations include limited scanning size and expensive. Pin-
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punched mattresses (Haex et al., 2020) have been used to measure spinal curvature in
the supine position, but they are expensive, have low resolution, and have low
accuracy. The curvature measurement method developed in this study can address the

limitations and effectively measure spine alignment in the supine position.

This study proposes a new method based on existing research, which divides the
whole curvature into multiple arcs. The sensor tape is 1.8 mm thick with highly
flexible, and the measurement accuracy is high. In contrast, other studies have used
too thick sensors, typically 10 mm in thickness (Stollenwerk et al., 2018).
Measurements between the sleeping support system and the back of the human body
need to minimize interference with posture (Haex, 2004). Too thick sensors
significantly affect the measurement accuracy in the supine position; Hence, previous

methods are not applicable.

Furthermore, this study proposes to monitor the axial tilt of the sensor tape, and
the acceptable threshold was set to 30< The axial tilt value of the sensor tape can be
displayed on the GUI in real-time and alerts the operator when an abnormality occurs.
This function can be used to understand whether the sensor tape is twisted, effectively

preventing the sensor tape from twisting during the experiment.

Device validation has shown that the curvature measurement tape is accurate and
reliable for measuring the spinal curvature in the supine position. Overall, this study

provides a valuable device for future studies on spine alignment in the supine position.

When measuring spinal curvature in a standing or sitting position, it is
recommended to place the sensor tape on the participant's back. For example, to

evaluate the impact of carrying a backpack, sitting on a chair, or riding a bicycle.
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In the supine position, the Sensor tape can be placed over the mattress and pillow
for more effective spinal curvature measurement. Without the attachment of sensors
to the participant's body, it will comfort the experience and reduce interference with

the sleeping posture.

5.1.2 Comparison with literature

This flexible and thin curvature measurement device can measure the spinal
curvature in the supine position with limited disruption to sleeping positions. The
significant increases in the sensor quantity and novel algorithms tend to detect
curvature more precisely. Here, the new device was compared with previous studies

to understand the device's performance and applicability.

A commonly used method for measuring the spine curve is using a flexible ruler.
The volunteer stood in a relaxed position with the back exposed. As shown in
Figure 5.1(a), the flexible ruler was moulded into the midline profile of the spine, and
then it was carefully removed and traced to a piece of paper. Finally, the spinal
curvature was drawn carefully with the shape of the flexible ruler (Ajit Singh et al.,
2018). However, this requires a skilled technician to manually adjust the flexible ruler
with the back of the spine to replicate the spinal curvature. This method is not

applicable for the measurement in the supine position because the back is covered.

In contrast, this study's curvature measurement tape with built-in 30 sensors can
replace the traditional flexible tape. The spinal curvature can be quickly measured by

placing the sensor tape on the volunteer's back.
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Figure 5.1. Measurement of spinal curvature by other studies. (a) Measurements of the
degree of thoracic and lumbar lordosis using a flexible ruler (Ajit Singh et al., 2018); (b)
Side view of sensor placement on the back (Ajit Singh et al., 2018); (c) Wearable spine
monitoring with flexible straps (Voinea et al., 2017).

Previous research employed wearable devices to capture the alignment of the
lumbar spine. Five IMUs were used in the study. The dimensions of each sensor were
33 mm %16 mm > 10 mm (Stollenwerk et al., 2019). Double-sided tape attached all
sensors to the volunteer's lumbar spine (Figure 5.1(b)). The system was developed for
postural training to treat low back pain. The device demonstrates the ability to measure
spine alignment using inertial units. However, the device's thickness makes it
unsuitable for spinal measurements in the supine position. The sensor tape proposed

in this study is only 1.8 mm thick, which can address this problem.

Another research has developed a wearable strap-like spine monitoring system.
Five inertial sensors were installed at an equal distance on the flexible strap (Voinea
et al., 2017). The shape of the curvature was reconstructed through a mathematical

model. However, no human experiments were performed for the study. They plotted
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curves in a paper for error assessment and reported that the cumulative error could be

low as 2.5 mm or 5% from the mathematical model.

On the other hand, their research did not simplify the circuit. As can be seen from
Figure 5.1(c), multiple wires connected the sensor units. It will be a big challenge in

the case of connecting a large number of sensors.

Therefore, various concepts and improvements were proposed in this study, such
as the adoption of more sensors to reduce the measurement error to 1% (measuring a
circle with a diameter of 200mm), the development of a concise and flexible circuit to
lower the thickness of the sensor tape and provide high flexibility. Furthermore, this
study introduced the concept of the management of axial tilt. These improvements

bring clear benefits for spinal curvature measurement in the supine position.

5.1.3 Comparison with the preliminary version

The improved sensor tape has the same length and number of sensors as the
preliminary version, but the improved version of sensor tape own a reduced thickness
and increased flexibility. The thickness comparison of the two versions is shown in
Figure 5.2. There are apparent differences in thickness, flexibility, and weight between
the two. The preliminary version is constructed of 30 3D-printed plastic shells, and its'
weight is over 300 grams. The improved sensor tape weighs only 33 grams, which

creates a significantly differs when worn on the body.
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Figure 5.2. A comparison of two versions of sensor tape.

Since the initial version of the sensor tape used existing sensor modules, the size
of an ADXL345 circuit board is 20 x15%3.3 mm, and the size of a TCA9548A circuit
board is 31x22x2.6 mm. To develop a thin and flexible sensor tape, the size of the
circuit boards is a big challenge. Based on the size of circuit boards, board holders
were made by 3D printing. A pliable tape was used to link up board holders to form
the sensor tape. The connecting hinges of the adjacent sensor units can be rotated, and
it is the only place where the preliminary version of sensor tape can deform. The

thickness of the sensor tape is 6 mm.

Since each sensor unit is rigid and non-deformable, it cannot be deformed
according to the arc when measuring a curved surface. Figure 5.3 shows that gaps were

created and caused measurement errors. As discussed in Section 3.1.5.4, when
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measuring a @00 mm circle, the theoretical error is 1.12mm. More significant

measurement errors occur when measuring smaller curvatures.

Figure 5.3. Gaps between the sensor tape and the measurement surface.

As shown in Figure 5.4(a), while using the preliminary version of sensor tape to
measure a @100 mm circle, the theoretical error is 2.24mm. The improved version of
the curvature measurement tape can fit the measured object well with zero theoretical
error since the sensor tape can deform according to the surface being measured (Figure

5.4(b)).
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Preliminary sensor tape

Improved sensor tape

Figure 5.4. The sensor shape when measuring a @00 mm circle. (a) The use of the

preliminary version of sensor tape; (b) The use of the improved sensor tape.

The device shown in Fig. 3.8 & 3.7 is the preliminary version of the device.
There are limitations, such as the sensor tape is still thick, about 5 mm in thickness;
the sensor units were fabricated by rigid 3D-printed parts, and a single hinge connected
the nearby sensor units to provide rotation of the sensor tape. An improved version of
the sensor tape was developed and shown in Fig. 3.26. The improved version of the
sensor tape adopted flexible printed circuits, achieving a high degree of flexibility with
a reduced thickness. The 3-axis ADXL345 accelerometer can sense the pitch and roll.

The pitch values were used for sensing the curvature, and the roll value of the

individual sensor was used for twist control of the sensor tape.

Overall, the improved version of the curvature measurement tape is thinner and
softer, the algorithm has been improved, and the monitoring of axial tilt has been

innovatively developed, which beneficiate to the measurement of the spinal curvature

in the supine position.
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5.1.4 Cost and production feasibility

This study presents a new method for curvature measurement using highly
customized components in hardware to lower device thickness, enhance flexibility,
and enable real-time curvature display. The previous chapters described and discussed
the device development process, including hardware development and programming.
The precision and accuracy of the device have been evaluated, showing high

measurement accuracy while the axial tilt between -30°to 30<

Besides being used for spine measurements, the device can also measure other
curvatures, especially masked surfaces, because measuring covered curvatures is
incredibly challenging. The sensor tape contains 30 ADXL345 accelerometers.
According to official information, each sensor costs $3.30. Other parts inside the
device include the microcontroller, 1°C switches, resistors, capacitors and other
electronic components. The device can cost less than $200 for components and

assembly.

By comparison, each MRI scan already costs more than $200. Moreover, this
device can be repeated use. Except for MRI scans, few methods can obtain the spinal
curvature in the supine position. The system that pins pierced the mattress can measure
spinal curvature in the supine position. However, customizing the bed with pins drilled
from the top to the bottom of the sleeping support system is costly and suffers from
low resolution and accuracy. Therefore, the device has obvious advantages in price

and efficiency.

The circuit diagram of an individual segment of the sensor tape has been
designed and described in Section 3.1.6. A few samples have been fabricated

according to the specification of mass production (Figure 5.5).
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Figure 5.5. Fabricated sensor segments.

Each device includes five sensor segments and a control box. The control box
was designed and developed. The customized printed circuit board has been produced,

and the electronic parts were assembled by SMT (Figure 5.6).

A 4-core wire connects the sensor tape and the control box. To avoid damage
caused by the accidental stretch and facilitate maintenance, a 4-core connector was

designed in the middle of the wire.

The controller housing used in this study was made with 3D printing. For small
order quantities, it is possible to consider the production of controller housings with
the same technology. In mass production, the controller housing can be produced by

injection molding. Overall, this study has a high possibility of productization.
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Figure 5.6. The printed circuit board of the control box.

5.1.5 Measurement length and resolution

This study presented a design for connecting multiple 1°C sensors through a
concise electronic circuit. Every sensor segment contained a TCA9548A 12C switch.
Since an I12C switch can provide eight different 1°C addresses, based on it, up to 8
sensor units can be connected in parallel without changing the circuit design. A long
sensor tape was fabricated that contains eight sensor units. This long sensor has been

tested and works properly.

This study found that downstream pairs of 1°C switches can be linked to devices
with various I°C addresses. Since one ADXL345 sensor can be defined with two
different 12C addresses, eight downstream pairs of TCA9548A can connect sixteen
ADXL345 accelerometers. In a design of eight I2C switches connected in parallel, the
circuit can connect 128 ADXL345 accelerometers. If the distance between adjacent
sensors is kept at 30 mm, the device length reaches 381 cm while using the existing

measurement resolution.
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Reducing the distance between the sensor units will enhance the measurement
resolution. The dimension of an ADXL345 is 5.0 x3.0 x 1.0 mm; based on it, the
distance of adjacent sensors can be reduced to 10mm. A higher-resolution sensor tape
will help to obtain more details of the measurement surface. There are some smaller
inertial measurement units on the market. For example, the size of an LSM303AGR
(STMicroelectronics, Geneva, Switzerland) is 2.0 < 2.0 < 1.0 mm. A small sensor

helps reduce sensor distance and enhance the measurement resolution.

Using chip-on-board (COB) technology is another way to fabricate the sensor
tape to be slimmer and narrower. The dimension of an accelerometer chip is about 2.0
x2.0 mm (Wang et al., 2020). If using COB technology to mount the sensor chips
and I1°C switch on the FPC substrate directly (Figure 5.7), the sensor tape can be

thinner, narrower, and higher resolution.

Encapsulant
thcapsuiant Wire bonds

Conductive layer

Accelerometer Die

\ \
\ FPC \ Mechanical protective layer

Figure 5.7. lllustration of a chip-on-board mounting to reduce the size of the sensor tape.

5.1.6 Measurement of compressed pillow height

As described in Section 2.2.3, compressed pillow height provides useful
biomechanical information but remains challenging to measure. Since the skull and
the mattress covered the pillow surfaces, the compressed pillow height is hard to
measure. The curvature measurement tape developed in this study can measure

covered curvatures, which can be used to measure the pillow height. The curvature

144



measurement tape was placed in a circle along the centerline of the pillow. Therefore,
the shape of the longitudinal section of the pillow can be measured in real-time

(Figure 5.8).
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Figure 5.8. The placement of curvature measurement tape for pillow height measurement.

The experiment compared two cervical pillows of the same shape (Figure 3.39)
but with different stiffness (pillow A: ILD =40 Ibs, pillow B: ILD = 28 Ibs). Sixteen

volunteers were lying on their backs and sides using the middle mattress.

In the lying position, the volunteer lay on the medium mattress with the cervical
pillow for head support and their limbs aligned with the body. Data collection was
performed after the sleeping position was stable. The sectional curvature of the

compressed pillow was collected through the curvature measurement tape.

Preliminary results are shown in Figure 5.9. Although the outer dimensions are
the same, the compressed height of the soft pillow was approximately 10 mm less than

that of the hard pillow.
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Figure 5.9. Compressed pillow height of pillow A and pillow B.

5.1.7 Measurement of spinal curvature in other aspects

In addition to measuring spinal curvature in the supine position, the curvature
measurement tape can be used to obtain spinal curvature in standing or sitting positions.
In some cases, it is necessary to assess the obscured back to obtain biomechanical
information. For example, the impact of backpacks on the spinal curvature or how
different seats change the curvature of the spine. Future studies can use the curvature

measurement tape to obtain spine curvature for these scenarios.

5.1.8 Dynamic response

Compared with motion analysis systems such as the Vicon system, The
developed sensor tape is compact, portable, fast-setup, cost-effective, and able to be
used in a covered environment. Since the curvature measurement tape is designed for

sleeping analysis, which requires static data collection. Therefore, the device run in
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low frequency and low power consumption mode. The sample rate of the developed
device is five frames per second. However, motion analysis requires the ability to
capture dynamic data. ADXL345 accelerometer can run in a high sampling mode of
3200 Hz (Holovatyy et al., 2017), and the TCA9548A 1°C switch runs up to 400,000
Hz clock frequency. Therefore, the curvature measurement tape has the potential for

dynamic data collection.

5.1.9 Three-dimensional measurement

Since MEMS accelerometers sense gravity at static status, a 3-axis accelerometer
can obtain its pitch and roll but cannot measure the yaw. In recent years, 6-axis sensors
combining accelerometers and magnetometers in a single package have been
developed (Figure 5.10(a)). For example, an FXOS8700CQ (NXP USA Inc, Austin,

USA) sensor.

The 3-axis magnetometer can sense yaw, a combination of the 3-axis
accelerometer and the 3-axis magnetometer can sense its orientation in 3-dimensional
space. The sensors were placed inside a thin, flexible tube with a fixed distance
between two nearby sensors. Two nearby sensors formed an angle due to the
deformation of the tube. The three-dimensional angle detected by two nearby sensors
will derive a plane that the arc can be established based on the sensor data

(Figure 5.10(b)). The connection of multiple 2D arcs can create a 3D curvature.

Benefiting from the rapid development of chip technology, the chip size of this
sensor is 3 x3 <1 mm. Such a compact size facilitates the development of a slim

sensor tube.
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Figure 5.10. (a) The pitch, roll, and yaw detection of a 6-axis sensor; (b) Three-dimensional
curvature measurement design concept (Hong et al., 2022).

The 3D curvature measurement function may have a variety of application
scenarios, such as measuring scoliosis, measurement of spine alignment in three-
dimensional during a lying position, or being integrated into an endoscope to measure

the shape of a robotic arm in real-time.

5.2 Experiments

5.2.1 Changes in the craniocervical region

Experiments were performed while lying supine on three mattresses of different
firmness, with the head supported by a cervical pillow. The curvature measurement
device was adopted to obtain the spinal curvatures. When lying on the soft mattress,
the trunk sinks deeper into the soft mattress, causing an increase in the head and

cervical lordosis height, thus resulting in a high loading on the cervical discs.
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Although the experiment involved the same pillow, the pillow appeared more
supportive when placed on the soft mattress. The weight of the craniocervical results
in a loading applied to the top of the pillow; the loading then spreads through the foam
material. The loading exhibits a larger force area and lower pressure at the bottom of
the pillow (Figure 5.11). The dispersed, weaker loading leads to a minor deformation
of the craniocervical region on the mattress. From the material test (Figure 3.48), there
were similar mechanical properties between the cervical pillow and the medium
mattress, while the soft mattress was much weaker. In this case, the stiffer pillow act
as a hard plate to spread the weight of the head and neck. From the FE calculation, the
contact area of the head and neck region was about 272 cm?, and the area of the
occipital base was 55 %35 = 1925 cm?. Due to the increased support area and reduced

pressure, the mattress under the pillow deforms less than in other regions.

| Force diffusion area

Figure 5.11. Spread of the load inside the pillow (Hong et al., 2022).

5.2.2 Changes in the lumbar region

Since the hard mattress deformed too little, the lower back was suspended while
lying supine on it. As a result, gravity pulls the abdomen down, resulting in flattened
lumbar lordosis. The lumbar lordosis distance was reduced by 10.6 mm compared to

149



the medium mattress environment. The FE analysis showed that the loadings on the
lumbar intervertebral disc did not increase significantly. It can be considered that a

hard mattress has no significant impact on the health of the lumbar spine.

However, the FE results show that the contact pressure of the body to the hard
mattress was higher than on other mattresses, especially in the upper back and hip
regions. While lying supine on the hard mattress, peak pressures of the torso were 3-4
times higher than lying on the medium mattress. High contact pressure can cause
discomfort and even skin ulcers (Schubert & Heraud, 1994). Hence, mattresses that

are too hard are considered unsuitable.

5.3 Finite element model

Finite element analysis provided some prediction data that were challenging to
obtain by experimental measurements, including the cross-sectional view of the
human body, the loading on the intervertebral disc, and the contact pressure between
the human back and the sleep support system. These computational results help to

understand the causes of the changes.

5.3.1 Soft tissue deformation

The computational method predicted the contact pressure between the back of
the FE model and the sleeping support system. The results showed that the contact
pressure was generally high when lying supine on the hard mattress, especially in the
upper back and hip regions. Conversely, lower contact pressure was usually found if
supine on the soft mattress. The only exception was the cervical region, where the
peak pressure measured on the soft mattress environment was obviously higher than

that of the other two sleeping support systems. According to the findings in Section
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4.1.1, the craniocervical region was elevated higher in the soft mattress environment.
It leads to a high contact pressure between the craniocervical region and the pillow.
Therefore, measuring the contact pressure of the craniocervical region makes it

possible to realize whether the relevant area was excessively elevated.

The contact area is another output of the FE analysis. There is a marked
difference in the contact area of the human model lying supine on the soft, medium,
and hard mattresses. A mattress that is too soft makes the human body sink deeply,
which may bring about heat dissipation and ventilation problems. Although the contact
pressure is low, it may not be comfortable. Previous research has shown that sleep
quality was improved when using a sleeping system with a moderate pressure
distribution (Chen et al., 2014). Therefore, the medium mattress can be considered

more suitable for use.

5.3.2 Limitations of the finite element model

The human body involves complex structures in which bones, muscles, tendons,
ligaments, fascia, and skin have major biomechanical impacts. To improve the
accuracy of the computational simulations, the FE human model developed in this
study involves the skull, 24 pieces of vertebrae, 24 pieces of intervertebral discs, major
ligaments surrounding the spine, and a bulk soft tissue representing the whole body.
However, it does not take into account the muscles and assumes that all muscles were
relaxed in the supine position. It is undeniable that some involuntary muscles
contribute to the stabilization of the spine and body in the supine position. Further
research should be conducted to develop computational models that involve muscle

tissue to achieve a higher degree of computational accuracy.
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Tetrahedral and hexahedral elements are most commonly used in FE methods.
When dealing with complex anatomical structures, generating hexahedral meshes is
time-consuming due to the geometric complexity introduced by branching and
embedded structures. Tetrahedral meshing is the preferred method for FE analysis as
it is easier to automate (Zafarparandeh et al., 2014). Each linear tetrahedral element
(C3D4) has only four nodes, requires less computer cost, and is widely used (Hu et al.,
2017; Jiang et al., 2021; Zhang et al., 2021). In comparison, ten-node quadratic
tetrahedral elements (C3D10) have the advantage of deformation. However, previous
studies have found that models meshed with quadratic tetrahedral elements required
expensive computation power and raised the calculation time by around three
(Tadepalli et al., 2011). This study adopted linear tetrahedral elements to ensure the
computability of this complex model. With the enhancement of computing power,
future research should try meshing with quadratic tetrahedral elements to improve

mesh convergence.

This study obtained the pressure distribution of intervertebral discs by
computational estimation. The computer-predicted results can be used as references
for evaluating sleeping support systems. However, in vivo validation of computer-
predicted disc loads requires the installation of pressure transducers in every

intervertebral disc of the volunteer, which is controversial in ethics review.

A previous study in vivo measured the L4-L5 intervertebral disc loading in a
prone position with eight healthy participants, and the measured result was 90 £27
kPa (Sato et al., 1999). The results predicted by the computational simulations show

agreements with the in vivo measurements.
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5.4 Future development

A sound sleep support system provides a comfortable sleeping environment and
benefits musculoskeletal health. A sleep position sensor is proposed here, which can
be used for sleep measurement in different postures and provides experimental data

for product improvement.

5.4.1 Sleep position sensor

In this study, the curvature measurement tape was developed to reveal the
deformation of the spine in the sagittal plane. However, as stated in Section 2.2.4, the
spine's deformation occurs not only by the stretching and compression of the
intervertebral discs but also by twisting the intervertebral disc endplates. Rotating the
spine results in twisting intervertebral discs in the transverse plane. It occurred in the

rotation of the head, chest, and hip.

The sleep position sensor contains three wearable sensors to measure the relative
angle between the head, chest, and pelvis. Figure 5.12 shows the three inertial sensors
connected with flexible wires. These three sensor units were named head, chest, and
pelvis sensor; the pelvis sensor was the largest one since it was integrated with the

control box.

There is an elongated hole on both sides of each sensor unit, which is designed
for the sensor unit's fixture on the human body's surface. The medical plaster can easily
pass through these two elongated holes and attach the corresponding sensor unit on

the chin, chest, and lower abdomen.
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Head sensor

Chest sensor

Pelvis sensor

Figure 5.12. Three sensors of the sleep position device.

The circuit board of the control box was designed and fabricated in a compact

size; as shown in Figure 5.13, the outer dimension of the PCB is 24.8 >39.9 mm.

ermo-hygrometer

celerometer

arging controller

Real-time clock
Control button

Rechargeable battery e
Another side of the PCB

Figure 5.13. Illustration of the PCB used in the sleep position device.
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The head sensor only contains a MEMS accelerometer, and the sensor size can
be relatively compact. Considering the device may be used for sleep analysis and sleep
posture detection throughout the night, the head sensor was designed to be attached to
the chin position of the subject's mandible (Figure 5.14) to minimize sleep

disturbances. The mandible is connected to the skull by the Temporomandibular joint,

which is considered a rigid body when the mouth is closed.

|

Figure 5.14. Sensor locations of the sleep position device.

The chest sensor was designed to be attached to the manubrium. An MPU6050
(TDK, Munich, Germany) inertial sensor was used for the chest sensor to avoid the

same 1°C address in the system since two ADXL345 were used and occupied all
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available 1°C addresses. Using the MPU6050 has an extra benefit as this sensor has a
built-in thermometer. The body temperature of the volunteer's chest can be measured
and recorded. Body temperature can be a valuable reference when used for sleep

analysis throughout the night.

The pelvis sensor was integrated with the control box. It was designed to be
attached below the belly button or fixed on the pants. The inertia sensor used was an
ADXL345. The control box contains a microcontroller, Bluetooth module, real-time
clock, thermo-hygrometer, memory card holder, charge controller, and a rechargeable
Lithium battery. The sensor's data can be transmitted via Bluetooth and viewed in real-
time on the computer. The data can also be recorded on a Micro-SD memory card for

subsequent processing.

5.4.1.1 Graphical user interface

A graphical user interface was developed using the Processing program (Figure
5.15). Several 3D objects were created, mainly involving a head, chest, and pelvis
model. These models can be rotated in real-time by the program based on data received

from the sensors of the sleep position device.

Since each volunteer has unique physical characteristics, the location of the
sensors may differ from previous attachments. Therefore, a sensor attachment
calibration procedure was developed. Figure 5.16 shows that all sensor axes were set
to parallel the anatomical plane when performing the calibration procedure. The

sensor's x, y, and z axes parallel the volunteer's coronal, transverse, and sagittal planes.

The graphical user interface design includes the function of recording

experimental information. The saved information includes the volunteer's name, lying
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position, sleeping support system, and experiment duration (Figure 5.15). Among
them, the body posture of the volunteer was automatically recognized by the program
based on the inclination and orientation of the chest sensor. Data can be saved in text

format through the software package, allowing subsequent analysis by other software.

-8- _589 48 Tormy_Standing_Other_Other —
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Frame: 2

Participant's name: Tomy

Figure 5.15. The graphical user interface of the sleep position device.

The sleep position sensor can be attached to the human body to record sleep
positions throughout the night, and the data interval is 10 seconds. The upper right

corner of the GUI is the operation of data playback.

While the recorded data is copied from the Micro-SD card to the computer, the
software package reads and plays the recorded data. It can continuously replay the
sleep postures of the whole night or show the frames one by one to facilitate

subsequent research.
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Figure 5.16. lllustration of the calibration for sensors attachment biases (the left side of the
figure from Wikipedia (Zuccarello, 2012)).

After calibration, the angular changes of the three body segments of the head,
chest, and pelvis can be measured during the change of postures. Based on the
characteristics of the three-axis accelerometer to measure the inclination angle, the
angle of the body in different anatomical planes can be calculated under different body
postures. When standing, the inclination of the sagittal and coronal planes can be
measured.; when lying supine, the inclination of the sagittal plane (Figure 5.17(a)) and
the transverse plane (Figure 5.17(c)) can be measured; when lying lateral, the
inclination of the coronal plane (Figure 5.17(b)) and the transverse plane can be

measured.
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Figure 5.17. lllustration of different measurements under various body postures.
(a) measurements in the sagittal plane; (b) in the corona plane; (c) in the transverse plane.

5.4.1.2 Application

The sleep position device was designed for two uses. First, this device can be
used to evaluate sleeping support systems. In the experiment, sleeping support systems
can be investigated and compared. The data collection was conducted based on
controlled sleeping positions, such as supine, lateral, and prone. Section 5.4.1.2
presents the ability of this device to collect data in different anatomy planes. For

example, in a lateral lying experiment, the angle between the head and chest (ac) and
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the angle between the chest and pelvis (5c) in the coronal plane were measured

(Figure 5.17).

According to past research, an optimal sleeping support system should keep the
spine in a straight line if look from the coronal plane. Therefore, the preferred values

for both ac and g should be 180<

Another use of the sleep posture device is the overnight measurement of sleep
posture. The volunteer wore the device throughout the night, and the device saved data
to the Micro-SD memory card at a few seconds intervals. The volunteer was sleeping
in unrestricted sleeping positions. The recorded data includes the inclinations of the
head, chest, and pelvic sensors, the chest sensor's temperature, and the pelvic sensor's
temperature and humidity. The measured data can be used to understand the

volunteer's sleep habits and for sleep health assessment.

A pilot trial was carried out with the prototype of the sleep position sensor. A
volunteer wears this device to record the sleep position overnight. As shown in Figure
5.18, the resulting graph sounds like that described in the literature (Koninck et al.,
1992). The volunteer's sleeping position changed dozens of times during the night. It
can be found that the volunteer's head was rotated during the supine position, which
appeared on the timeline of the resulting graph 00:50-01:40, 03:10-03:35, and 06:50-
07:10. The yellow line and the blue line indicate that the volunteer was lying flat. Still,
his head (pink line) was rotated at a certain angle. This phenomenon is worthy of

further study.
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Figure 5.18 Result graph of a pilot run of the sleep position device.

The device records data from each sensor at 10-second intervals and stores it on
the Micro-SD memory card. The pelvis sensor has the function of recording
temperature and humidity. The temperature variance was presented in the result graph.
This study found an interesting phenomenon: increased body temperature usually

results in a change in sleep posture.

Overall, preliminary tests demonstrated the uniqueness and functionality of the
device. The advantages of this device include small size, ease of use, low cost,
measurement of a variety of data, and overnight recording. However, device validation

is required before subsequent experiments can be performed.
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5.4.2 Experiments

This study focused on comparing mattresses of various stiffnesses. However, the
material’s stiffness is not the only issue that influences the performance of the sleeping
support system. There are multiple types of mattresses on the market; the common
ones are spring, foam, fiber, and air-bag mattresses. The structure of a spring mattress
can be an innerspring or pocket spring mattress; materials used for foam mattresses
can be divided into memory foam, latex foam, polyester, etc. Additionally, many

mattress structures incorporate various materials in different areas or layers.

Pillows can be made from various materials—for example, foam, polyester,
cotton, latex, and feather. Different materials impact sleep quality and duration
(Radwan et al., 2020). Except for the type of material, the pillow shape is another
critical element of pillow design as it provides a level of craniocervical support and
the overall comfort of the user. Future research can evaluate sleeping support systems

with different types, shapes, materials, and brands.

Although females and males are different in physiques, a previous study showed
that gender and pillow height had no significant interaction with craniocervical
pressure (Ren et al., 2016). Besides, seldom have gender-specific beddings been
launched on the market. Therefore, this study did not consider gender. Overall, this
study was based on adults, the findings and suggestions may not be suitable for kids.
Nevertheless, the impact of sleeping support systems on kids is worth investigating
since they are going through a rapid growth period, and sleeping support systems may

influence their growth.
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5.4.3 Design improvement

5.4.3.1 Choose a pillow of the proper height

This study found that mattress stiffness significantly impacts head and cervical
support. When lying supine on the soft mattress, the trunk sinks more than the

craniocervical area. As a result, the head and neck were raised.

Predicted by FE analysis, the elevation of the craniocervical region increases
intervertebral disc loading. It may increase the risk of neck pain. Although the stiffness
of the mattress is a personal preference, it is necessary to consider the impact of spine
alignment when choosing a sleeping support system. Also, there is room for
improvement in product design. For example, the stiffness or ILD value of the pillow
and mattresses can be labeled, and the consumer can choose a similar stiffness of
pillow and mattress. The pillow core inside the pillow cover can be composed of
multiple layers. The user can adjust the pillow's height according to the curvature

measurement tape data to reasonably support the head and neck.

5.4.3.2 Development of a pillow with upper back support

As stated in Section 4.2.4, the study found the B-shaped cervical pillow, which
shown in Figure 5.19(a), may not provide sufficient support for the upper back. A new

design of cervical pillow was proposed to improve the upper back support.

As shown in Figure 5.19(b), the width of the new pillow has been increased, with
an extension of 50 mm in the pillow's cross-sectional width to support the upper back

of the human body. The expected increase in support area is shown in Figure 5.19(c).
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However, this design should be verified experimentally. People usually change
their sleeping positions during the night, and the most common sleeping positions
include supine and lateral. The effect of the new design on lateral position also needs

to be evaluated and verified by experiments.
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Figure 5.19. Proposal for the new pillow design. (a) Cross-sectional view of the original

pillow; (b) Cross-sectional view of the new pillow design; (c) Ilustration of the expected
support area..

5.4.4 Body support and cervical disc loading

The sleep support system influences the spinal curvature when lying supine, in
which the support of the head, neck, back, and hips play a major role. The spinal
curvature influences intervertebral disc loading. High loading is detrimental to disc
rehydration and causes degeneration and neck pain (Adams & Roughley, 2006; Peng

& DePalma, 2018).

Keeping the cervical lordosis in a proper shape should help relieve the stress of
the discs and promote sleep health. However, the over-supported cervical region can

result in a forward head posture, causing spinal misalignment and risk of neck pain.

164



5.4.4.1 Head support

Pillow height, material, and mattress firmness influence the head height.
However, there is an atlanto-occipital joint between the skull and the cervical spine.
As shown in Figure 5. 20, the atlanto-occipital joint contributes to a certain degree of
head rotation in the sagittal plane (Bogduk & Mercer, 2000). Higher head support
results in head flexion and vice versa. To a certain degree, the head rotates along the
atlanto-occipital joint, and the supporting force of the bed is not transmitted to the
neck. Therefore, the head height does not significantly alter the spinal curvature and

intervertebral disc loading to a certain extent.

Head support

Figure 5. 20. Head rotation based on the strength of head support.

5.4.4.2 Cervical support

Cervical pillows are claimed to provide support for the neck to relax the
associated muscles. Some studies have argued that a cervical pillow relieves neck pain
and improves sleep quality (Radwan et al., 2020). This study found that mattress
stiffness also impacts cervical support. A simulation of excessive cervical support is

shown in Figure 5. 21. From the C2 to the sacrum, the vertebrae are mechanically
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connected in three positions in the transverse plane, including the pair of posterior
facet joints and the intervertebral disc (Adams & Dolan, 2005). Excessive cervical
support results in flexion of the neck in the supine position. The cervical region is
being raised, and the tissues on the front side of the neck are compressed. As the
primary structure for biomechanical support, cervical discs undergo compressive and
shear stresses. Therefore, the strength of the cervical support must be strictly
controlled to avoid damage to the intervertebral disc due to excessive support. The
curvature measurement tape may be an effective tool for assessing cervical support;
the cervical pillow should not alter the cervical curvature too much. Another
assessment method could be to place pressure sensors above the pillow to measure the
contact pressure of the cervical region. Excessive cervical support should be
associated with high contact pressure. However, the association between these two

factors need to be further investigated.

Forward head posture

Excessivecervical support

Figure 5. 21. Excessive cervical support and its consequences.
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5.4.4.3 Upper back support

The human back has a large area in the coronal plane and is significant to bear
the body weight in the supine position. This study found that the sleep support systems
used in the experiments provided insufficient support for the upper back. If upper back
support can be established, the pressure generated by the weight of the torso and arms
in the supine position can be distributed, reducing peak back pressure and improving
sleep comfort. Moreover, cervical discs may benefit from proper upper back support.
As shown in Figure 5. 22, in the supine position, the neck is suspended due to the
upper back supporting, resulting in a cervical extension. Neck extension releases the
loading on the intervertebral discs and facilitates disc rehydration. Therefore, the
proper upper back support can benefit the cervical spine and disperse the contact

pressure on the back.

Neck extension

Head down T
Upper back support

Figure 5. 22. Upper back support and its consequences.
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Chapter 6 Conclusion

This study focuses on spine biomechanics, including external measurement of
spinal curvatures and prediction of internal loads. Novel devices were developed to
address the gaps in existing research, including a curvature measurement tape that can
measure the covered back in the supine position and a human FE model to predict

biomechanical information.

The curvature measurement tape consists of a sensor tape with integrated
accelerometers, a control box, algorithms, and a graphical user interface (Figure 6.1).
The sensor tape is thin and flexible, with a maximum thickness of 1.8mm. The
measurement accuracy is approximately 99% when measuring a 00 circle

(Hong et al., 2022).

Measured curvature

GUI
(real-time
data display)

Sensor tape

Control box

Wireless connection

CAD software
(parametric analysis
by Java scripts)
Device &
measurement model Computer

Figure 6.1. The curvature measurement tape and the computer interface.
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Experiments were conducted with volunteers lying supine on three mattresses
with different stiffness and using a cervical pillow. The curvature measurement device
was adopted to obtain the spinal curvature quantitatively, and spine parameters were

extracted from the measured spine curvatures through CAD software.

A graphical summary of the experiment results is shown in Figure 6.2. The torso
sinks significantly into the soft mattress, while the height of the head is similar in all

three experimental scenarios.

~ Lying on hard mattress (HM)

Figure 6. 2. A graphical summary of the experimental results.

The quantitative results showed that when using a soft mattress, cervical lordosis
height was raised by 26.7 + 14.9 mm, head height was raised by 30.5 + 15.9 mm,
and no significant change in lumbar lordosis if compared with the medium mattress.
Finite element simulations predicted that the rise in cervical lordosis height resulted

in a 49% increase in cervical disc peak loading.

Compared with the medium mattress, the cervical lordosis distance did not
change much when lying supine on the hard mattress, and the lumbar lordosis

decreased by 10.6 + 6.8 mm. The reduction in lumbar lordosis distance results in a
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slight rise in lumbar disc peak loading, but a slight increase is unlikely to cause health
problems. However, the significantly increased contact pressure of the human body

with the hard mattress can lead to discomfort and skin ulcer.

Overall, this study understands changes in spine alignment induced by the
sleeping support system and reveals internal stress through computational simulations.
The research proposes possible room for product improvement and makes suggestions.
The findings will help develop better sleeping support systems and improve sleep

health.
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