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Wearable Motion Analysis System for Thoracic
Spine Mobility With Inertial Sensors

Chenyao Zhu™, Lan Luo™, Rui Li, Junhui Guo, and Qining Wang™', Senior Member, IEEE

Abstract—This study presents a wireless wearable
portable system designed for the automatic quantitative
spatio-temporal analysis of continuous thoracic spine
motion across various planes and degrees of freedom
(DOF). This includes automatic motion segmentation, com-
putation of the range of motion (ROM) for six distinct
thoracic spine movements across three planes, tracking
of motion completion cycles, and visualization of both
primary and coupled thoracic spine motions. To validate
the system, this study employed an Inter-days experimen-
tal setting to conduct experiments involving a total of
957 thoracic spine movements, with participation from two
representatives of varying age and gender. The reliability
of the proposed system was assessed using the Intraclass
Correlation Coefficient (ICC) and Standard Error of Mea-
surement (SEM). The experimental results demonstrated
strong ICC values for various thoracic spine movements
across different planes, ranging from 0.774 to 0.918, with
an average of 0.85. The SEM values ranged from 0.64° to
4.03°, with an average of 1.93°. Additionally, we success-
fully conducted an assessment of thoracic spine mobility
in a stroke rehabilitation patient using the system. This
illustrates the feasibility of the system for actively analyzing
thoracic spine mobility, offering an effective technological
means for non-invasive research on thoracic spine activity
during continuous movement states.
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[. INTRODUCTION

ITH the advent of the era of digitization, people’s

lifestyles are undergoing changes. Prolonged usage of
computers and mobile phones, coupled with reduced physical
activity, has become increasingly common, especially in eco-
nomically developed societies [1]. Additionally, factors like
maintaining poor sitting posture, improper body alignment,
and lack of exercise are contributing to the exacerbation of
back issues [2], [3]. Particularly, the incidence of upper and
middle back pain stemming from thoracic spine pain (TSP) is
gradually becoming more prevalent. Furthermore, TSP may
also serve as an external manifestation of certain underly-
ing diseases, further emphasizing its significance in health
issues [6], [7], [8], [9]. This type of pain not only significantly
impacts physical health but also influences psychological well-
being, leading individuals into a suboptimal state of health,
thereby resulting in adverse consequences for overall life [4],
[5]. It markedly diminishes the quality of life, directly impairs
work efficiency, and subjects individuals enduring pain to addi-
tional mental stress [10]. However, despite back pain becoming
increasingly prevalent in modern society, in comparison to the
lower back pain (LBP) caused by the lumbar spine (commonly
known as “lumbago”) [11], [12], [13], [14], [15], [16], [17],
[18], [19], [20], [21], [22], [23], there is relatively limited
targeted research within the health field concerning the upper-
middle back pain caused by TSP associated with thoracic
spine [2]. This has led to a lack of in-depth understanding
of the root causes and mechanisms behind TSP.

As a vital and complex region of the human spine, the
thoracic spine holds crucial significance. Situated between the
cervical (neck) and lumbar (lower back) regions, it serves
as a bridge connecting the upper cervical and lower lumbar.
Uniquely, the thoracic spine is the only spinal region linked to
the rib cage, playing a key role in stabilizing the rib cage and
safeguarding internal organs. Furthermore, as an integral part
of the body’s structural support, the thoracic spine’s flexibility
and stability are imperative for maintaining bodily balance,
ensuring an upright posture, aligning the head and neck
properly, assisting in upper limb movements, and facilitating
respiration, which are essential for the smooth execution of
daily activities. The muscles, nerves, and other structures in
the upper and middle back are intricately intertwined with
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thoracic spine. Therefore, a range of factors such as prolonged
poor posture, muscle tension, injuries or strain, herniated
discs, vertebral arthritis, nerve compression, or damage, can
contribute to thoracic spine issues, consequently giving rise to
upper-middle back pain.

Studying the mobility of thoracic spine has become highly
essential, as it contributes to uncovering the underlying mech-
anisms of TSP issues and provides robust support for targeted
intervention measures [24]. By utilizing convenient system-
atic technological approaches, a better understanding of the
intricate factors underlying TSP can be gained, offering an
effective path to enhance individuals’ health and quality of
life. Currently, hospitals typically rely on radiographic imag-
ing, such as X-rays, alongside goniometers or inclinometers,
patient-reported questionnaires, and the subjective experience
of medical professionals for standard spinal diagnoses. This
includes evaluations conducted by medical professionals fol-
lowing pertinent physical examinations and tests, as well as the
use of scoring scales [38]. However, these methods come with
certain limitations. Radiographic imaging, for instance, cannot
capture the dynamic and continuous motion of the spine,
providing only limited information at specific time points [25],
[26], [27]. Goniometers or inclinometers do not account for
the dynamic kinematics of movement, and the measurements
obtained with these tools are operator-dependent, requiring
significant time and effort [39]. Meanwhile, on-site assess-
ments by doctors suffer from a one-time and non-reproducible
drawback, potentially introducing subjective errors. In lab-
oratory settings, research on spinal mobility predominantly
relies on optical capture systems [28], [29], [30], [31].
However, these systems are expensive and constrained by
site-specific limitations. Establishing marker sets for optical
motion capture systems is a complex, time-consuming pro-
cess that typically requires numerous markers [30]. Ensuring
accuracy with these systems demands strict experimental con-
ditions, including the precise control of lighting conditions
and background complexity. These factors can potentially
interfere with target capture and tracking, leading to inaccurate
outcomes.

Moreover, current research on spine mobility predominantly
focuses on the lumbar region [11], [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23], [32], [33], [34], with
comparatively less effort being dedicated to investigating the
mobility of the thoracic spine [46], [54], [55], [56], [61], [62].
Despite extensive literature searches, no published studies
have undertaken automatic active spatio-temporal quantitative
analysis of thoracic spine mobility in continuous motion across
all anatomical planes, particularly in effectively distinguishing
between proprioceptive and objective movements [S7], [58],
and utilizing wireless wearable strategies. Given the limited
research on the thoracic spine, only a few non-radiographic
methods currently explore measuring its ROM, including the
thoracolumbar spine, across all anatomical planes. Mousavi
et al. employed an opto-electronic motion capture system to
measure the 3-D ROM of the thoracolumbar spine, evaluating
its stability through analyses of ICC and SEM [30]. However,
this approach required nearly 100 markers, and the measure-
ments involved only non-continuous motion, with each action

performed only once per trial and repeated three times in
experiments. Narimani et al. attempted to measure the ROM
in three DOF of the thoracic spine using inertial tracking
devices [46]. However, this protocol had limitations, notably in
the measurement of non-continuous movements. In each trial,
participants performed each action only once and repeated it
three times. Additionally, the wired nature of the devices might
have induced unnatural movements during the experiments.
Furthermore, the study lacked an analysis of measurement
stability.

Given the aforementioned issues, this study introduces
a wireless, portable, wearable inertial-sensor-based system
for automatically and quantitatively analyzing dynamic tho-
racic spine mobility during continuous movements across all
anatomical planes and DOFs. In contrast to traditional radio-
graphic methods, our system enables real-time capture and
active analysis of the continuous dynamic motion of thoracic
spine across its complete anatomical plane, effectively dis-
tinguishing between proprioceptive and objective movements.
Notably, it not only extends the temporal scope of thoracic
spine mobility assessment but also offers easy accessibility
to individuals without specialized expertise, allowing for self-
monitoring and mobility assessment. Furthermore, the system
offers convenient wearability. Leveraging wireless commu-
nication technology enhances its practicality in daily life,
overcoming the cost, space, and environmental limitations
faced by optical capture systems in controlled experimental
settings [30]. This empowers the system to assess thoracic
spine mobility in real-world conditions, free from temporal,
spatial, and environmental constraints. By liberating itself from
these constraints and offering convenient and flexible usability,
the system enables continuous monitoring of daily thoracic
spine activity. It equips medical professionals with objective,
comprehensive, long-term, and stable thoracic spine mobility
data, thereby facilitating more precise diagnoses and treatment
planning. The proposed system introduces new possibilities for
thoracic spine health management and furnishes patients and
healthcare practitioners with valuable information.

The remaining sections are organized as follows: Section II
introduces the methods used in this study. Section III presents
the experimental results, which are discussed in Section IV,
and our conclusions are presented in Section V.

[I. METHODS
A. Interested Target Motions Definition

In this paper, we described and defined thoracic spine move-
ments based on anatomical position and planes (Fig. 1(a)).
Anatomical position serves as the reference point for all
movements (Fig. 1(b)).

Based on human anatomical structure, a human spine is
categorized into five regions: cervical, thoracic, lumbar, sacral,
and coccyx (Fig. 2). The thoracic spine consists of 12 vertebrae
stacked together, labeled as T1 to T12, and lies at the center
of the upper and middle back (Fig. 2). It starts just below the
cervical spine (neck region) and ending where it meets the
lumbar spine (lower back). The thoracic vertebrae have promi-
nent spinous processes, which are easily identifiable upon
palpation. Additionally, each thoracic vertebra is typically
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spine movements defined in the study.

connected to a pair of ribs, aiding in the identification of each
vertebral level. Compared to the cervical and lumbar regions,
thoracic spine exhibits more restricted mobility, posing chal-
lenges for its study. Our study focuses on investigating the
movement capabilities of thoracic spine in three DOF across
three anatomical planes. This covers six distinct thoracic spine
movements: flexion and extension in sagittal plane, lateral
bending in frontal plane, and axial rotation in transverse plane
(Fig. 1(b)).

Thoracic flexion initiates from a neutral upright position,
inducing a forward curvature of thoracic spine by bending the
upper-middle back within sagittal plane. In contrast, thoracic
extension originates from a neutral upright position, resulting
in a backward extension of thoracic spine as the upper-
middle back bends backward in sagittal plane. Thoracic lateral
bending tilts thoracic spine to the left or right side, away from
the body’s midline within the frontal plan, achieved by shifting
the upper torso to the left or right. Thoracic axial rotation turns
the torso to the left or right in transverse plane, accomplished
by rotating thoracic spine along the body’s midline in either
direction.

B. System Hardware Description

Fig.3(a) shows our system schematic design, a fully portable
and wearable wireless system for capturing thoracic spine
kinematics data. The system consists of four inertial sensing
units, and a control box unit designed by our team (Fig. 4).
The system has all logic elements required for monitoring
continuous kinematics signals in real-time based on the inertial
sensor readings onboard. Our system is convenient to carry and
wear and a user can don it in less than two minutes.

The inertial sensing unit of the system (Fig.3(b)) employs
a 9-axis Inertial Measurement Unit (IMU), specifically the
Xsens MTi 1-series model. This IMU has dimensions of
12 x 12 x 2.5 millimeters and weights 0.6 grams. It comprises
a 3-axis accelerometer, a 3-axis gyroscope, and a 3-axis mag-
netometer to enhance heading angle measurement accuracy.
According to its specifications, in typical application scenarios,
the accuracy range evaluated under GNSS (Global Navigation
Satellite System)/INS (Inertial Navigation System) is 0.5° in
the Roll/Pitch direction and 2.0° in the Yaw direction. The
design architecture of the inertial sensing unit also comprises
a logic unit, a Bluetooth communication module, signal acqui-
sition and processing circuits, and power management circuits.
The signal acquisition and processing circuit of the inertial
sensing unit utilizes a dedicated IMU acquisition chip to
collect kinematic signals collected by the IMU. These signals
are further analyzed and processed by the microcontroller
unit (MCU) in the logic unit. The signals from the 3-axis
accelerometer, 3-axis gyroscope, and 3-axis magnetometer are
integrated to derive real-time accurate human kinematic angle
signals using proprietary algorithms for signal correction and
multi-sensor fusion. The MCU processes the kinematic angle
signals and transmits them to the Bluetooth communication
module of the inertial sensing unit at a frequency of 100 Hz.
The Bluetooth transmitter within the module employs wireless
Bluetooth® technology to transmit the kinematic angle signals
to the corresponding Bluetooth receiver on the control box
unit. The power management circuit is designed to provide
the required voltage, voltage monitoring, battery charging and
discharging protection, as well as switch control for the inertial
sensing unit. A reliable and stable V lithium-polymer battery
supplies power independently to the inertial sensing unit.
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Fig. 3. (a) The system schematic. (b) The architecture of the inertial
sensing unit. (c) The architecture of the control box unit.

Control Box Unit

Fig. 4. (a) Real image of the system hardware. (b) A stroke rehabilita-
tion patient wearing the wireless system.

The control box unit of the system (Fig.3(c)), functions as
the central hub, responsible for collecting, synchronously pro-
cessing signals, transmitting the synchronized data to the upper
computer in real-time via Wi-Fi at a frequency of 100 Hz,
and storing multi-channel wireless kinematic signals on a
Trans-Flash Card (TF card) for subsequent analysis. The
design architecture of the control box unit consists of a
wireless Bluetooth communication module, three logic units,
a Wi-Fi wireless communication module, data analysis and
storage circuits, and power management circuits. The wireless
Bluetooth communication module serves as the correspond-
ing Bluetooth receiver, capturing signals transmitted by the
Bluetooth transmitters of the four inertial sensor units. Within
the first logic unit, the MCU receives kinematic signals

Inertial Sensing
Units

Importing
Raw Kinematic Signals

Auto-Preprocessing
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Mobility

Effective Action Counting

Quantitative Spatio-Temporal
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in Practice

Fig. 5. The flowchart depicts the algorithm design strategy for Tho-
racic Spine Mobility analysis. The dashed box indicates the execution
contents within the Automated Active Analysis for Mobility phase, with
dotted lines connecting these items to signify concurrent processes.

from the inertial sensor units through the Bluetooth receiver,
encapsulating all these signals for subsequent transmission to
the MCU housed in the second logic unit. The MCU of the
second logic unit receives all the signals packaged by the
first MCU, synchronizes them, and conducts further parsing
and processing. The processed signals are then packaged and
sent via UART to the Wi-Fi wireless communication module.
The Wi-Fi wireless communication module reliably and stably
transmits the processed signals via a WLAN to the user’s
computer in real-time. Simultaneously, the processed signals
from the second logic MCU are sent to the third MCU, which
is responsible for storing signals on the TF card for future
analysis. The power management circuit converts the voltage
of the 3.7V rechargeable lithium battery into the required 3.3V
DC voltage for subsequent circuits using a linear regulator. The
control box unit is powered by a rechargeable 3.7V, 5000mAh
lithium battery and can also be powered in real-time using a
portable power source. These features enable the control box
unit to function wirelessly and independently from the inertial
sensor units. The wearer can either wear the main control unit
wirelessly or place it within a range of up to 50 meters from
the wearer.

C. Algorithm Protocol

Fig. 5 illustrates the design strategy of the active analysis
algorithm for thoracic spine mobility.

1) Auto-Preprocessing: This step is crucial for enhancing
signal quality by reducing noise and extracting the most
pertinent signals for subsequent thoracic movement analysis.
The raw signals from the four inertial sensor units of the
system, sampled at a frequency of 100 Hz, were directed to
our custom preprocessing algorithm. Initially, the algorithm
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selects the required kinematic channels from the raw sig-
nals. Subsequently, a sliding window with a duration of
0.1 seconds was employed for continual identification and sub-
stitution of outliers within the selected channels. To attenuate
noise, a Gaussian filter was implemented, and the continuous
quadratic trend in the signals from the inertial sensor units,
caused by drift, was ameliorated. Finally, the preprocessed
signals are forwarded for primary motion analysis.

2) Sensor Fusion: We employ the concept of sensor fusion
to enhance the performance and robustness of thoracic spine
mobility analysis during dynamic continuous processes. Our
system has the capability to strategically position multiple
inertial sensing units uniformly across the T1-T12 region of
thoracic spine, ensuring a well-balanced signal source. Given
the unidirectional nature of the system’s sensing units and the
imperative to optimize computational efficiency, we utilize sig-
nal averaging to merge kinematic angle signals from multiple
inertial sensing units.This process yields representative kine-
matic angle signals characterizing the entire thoracic spine,
the T1-T12 segment. This process can be described using
the following mathematical model - - - - - - (1)-(2). Ultimately,
these signals are automatically transmitted to subsequent active
analysis algorithms.

sz:lli
J
i=1,2,3,...,j, jeNTt (1)

Ttlf]2 _ [Kzransverse’ Kfrontal’ Kfagltlal] e Rt 2)

T1—12 —

Here, j represents the number of used inertial sensor units,
while i signifies the serial number of the inertial sensing unit.
The uppercase I denotes a matrix representing the captured
kinematic signals by the inertial sensing units. The uppercase
T'"'2_ in matrix form, signifies the kinematic angle signals of
the entire thoracic spine, the T1-T12 segment, across three
anatomical planes. K stands for a vector representing the
kinematic information of thoracic spine on the corresponding
anatomical plane. ¢ serves as a time parameter, reflecting
moments within continuous dynamic motion.

3) Active Analysis for Thoracic Spine Mobility : The design
of the active analysis algorithm employed in this system is
grounded in the following core idea: by identifying changes in
direction during dynamic continuous movements and consider-
ing both the duration of these changes and a specific threshold
of movement amplitude, irrelevant fluctuations and distur-
bances are excluded. Here irrelevant fluctuation is defined
as minor physiological motions that do not contribute to
intentional experimental movements of the thoracic spine, such
as postural adjustments or swaying. The mathematical model

of the design idea can be expressed as --- - - - (3)-(6).
. dK Primary
f/(KPrzmary) — P = R+ (3)
. dZK Primary
f//(KPrtmary) — d2t , te R+ (4)

M= { m:.me f/(KPrimary) =0
Ame f//(KPrimary) <0

Am € lim FKPrimaryy 5 g}
t—
m=0,1,2,3,..., meN, 1,8,e e Rt (5
L={l:1e f/(kFrimayy—=q
Al e f//(KPrimury) =0

Al e lim f(KPrimary 5 ¢
t—§8
1=0,1,2,3,...,leN, t,8,e e R"  (6)

Here, KP"marY represents the kinematic angle signal of the
target (primary) motion by the wearer. ¢ denotes the moment
during the continuous movement process. § is used to indicate
the time threshold, and & represents the angle threshold. m
signifies the moments when the wearer reaches the maximum
ROM during the execution of continuous target movements,
and M is the set of these moments. Similarly, I indicates
the moments when the wearer returns to the neutral position
during the execution of continuous target movements, and L is
the set of these moments. To differentiate intentional thoracic
spine movements from static postures or minor, physiologi-
cally inconsequential movements (e.g., postural adjustments or
slight shifts), the algorithm determines that a movement is con-
sidered to have started when the angle exceeded 5° from the
neutral position and is sustained for at least 200 milliseconds.
The thresholds were selected based on references to relevant
literature [35], [47] and preliminary tests, further validated
through manual inspection of a random selection of motion
samples using a subset of data not included in the main study.

This design enables the algorithm to autonomously ana-
lyze the entire process of continuous dynamic thoracic spine
movements executed by the wearer. Through accurately cap-
turing and extracting key information and moments from
continuous thoracic spine motions, comprehensive analysis
of thoracic spine mobility is achieved. This active analysis
involves identifying the initiation moment of voluntary tho-
racic spine movements by the wearer, determining the moment
at which the maximum ROM is achieved, returning to the
neutral position, tallying the count of effective thoracic spine
movements completed by the wearer. Additionally, it includes
performing automated fine segmentation of the target thoracic
spine motion during dynamic continuous movements executed
by the wearer, as well as analyzing the primary thoracic spine
motion along with its associated coupled movements. Addi-
tionally, it includes performing automated fine segmentation
of the target thoracic spine motion during dynamic continuous
movements executed by the wearer, as well as analyzing
the primary thoracic spine motion along with its associated
coupled movements.

D. Experimental Protocol

This study primarily focused on conducting experimental
tests on system stability and feasibility in healthy individu-
als. Subsequently, to further evaluate the system’s suitability
for a broader population, particularly in disease-specific
applications, we assessed the thoracic mobility of a stroke
rehabilitation patient. This approach is grounded in the under-
standing that stroke is a globally widespread disease and a
leading cause of disability [40]. Patients recovering from a
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Fig. 6. Experimental protocol. N represents the session number, which
can range from 1 to 3.

stroke often experience various degrees of motor function
impairment, affecting their overall motor abilities [41], [42].
This includes not only restricted limb movement and chal-
lenges in coordinating body movements but also compromised
balance abilities.

1) Participants: The study randomly selected two eligible
healthy adult participants one representing a healthy male
(approximately 35 years old) and the other representing a
healthy female (approximately 55 years old), along with
a stroke rehabilitation patient. The aim was to assess the
feasibility of active analyzing thoracic spine movements in
this diverse population. Participants were excluded from the
healthy group if they faced limitations in actively performing
pain-free spine movements, were obese, had orthopedic, neu-
rological, or vestibular conditions, or experienced recent back
pain, a history of spinal surgery, traumatic fracture, thoracic
deformity, or any conditions affecting balance, movement,

or the ability to stand. The female healthy participant is
56 years old, 162 cm in height, and weighs 55 kg. The
male healthy participant, aged 37, stands at 177 cm and
weighs 80 kg. Additionally, there is a 39-year-old male stroke
rehabilitation patient who measures 175 cm in height, weighs
65.6 kg, and has a Berg Balance Scale (BBS) score of
49 as well as a Modified Ashworth Scale score of 1 [43],
[44]. The patient, who presents with right-sided hemiplegia,
had suffered an ischemic stroke approximately six to seven
months prior to the onset of the study. All subjects in this
study were right-hand dominant. The Local Ethics Committee
of Peking University approved the study protocol, and all
participants provided informed consent before participating in
the experimental sessions.

2) Procedures: We ensured the accurate placement of iner-
tial sensing units along the thoracic spine (T1-T12) by utilizing
major anatomical landmarks, palpation techniques, reference
lines, and the positional relationship with the ribs [45], as illus-
trated in Fig. 2. Specifically, we began by locating the spinous
process of T1 directly below C7—the most prominent process
at the base of cervical spine, which is particularly noticeable
when the head is flexed forward. The position of T1 could
also be verified by the location of the Ist rib or the clavicle.
T12 was identified adjacent to the 12th rib, marking the end of
the thoracic spine. The scapula’s relation to the thoracic spine
provided further guidance, with its upper angle corresponding
to T2 and the lower angle aligning with T7. Throughout the
experiment, four inertial sensing units were evenly positioned
along the midline of participants’ thoracic spines, from T1 to
T12 (Fig. 2). These units were securely affixed to participants’
skin using double-sided adhesive to ensure precise analysis
(Fig. 4(b)). We also had a professional rehabilitation physician
who provided guidance and assistance during the experiment.
After becoming familiar with the procedure, even individuals
without a professional background can quickly apply sensors
to the subjects, ensuring they are placed on the thoracic spine.

Before the experiment, participants received comprehensive
training, which included verbal instructions and live demon-
strations for each movement pattern, as detailed in Section A
and depicted in (Fig. 1(b)). This preparatory phase involved
practice to ensure participants’ proficiency and confidence
in executing the maneuvers. Participants were instructed to
replicate the movements, receiving immediate feedback and
corrections from instructors to confirm their understanding. All
experimental trials were conducted only after ensuring that the
participants could adequately follow instructions.

Fig. 6 outlines the experiment’s procedures, which include
six trials. Each trial focuses on a unique thoracic spine
movement pattern, with participants executing each pattern
approximately 25 times in succession. Trials are conducted
with participants standing, arms hanging naturally, and begin
from an objective neutral position. This position reflects the
participant’s natural standing body alignment at rest, without
any imposed posture or movement, serving as the baseline.
Participants then perform continuous target movements, mov-
ing to achieve maximal ROM and then returning to their
proprioceptively determined neutral position [57], [58], before
moving back to achieve maximal ROM again in a cycle,
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Automated Fine Segmentation of Continuous Dynamic Thoracic Spine Movements
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Fig. 7.

The solid blue line represents the participant’s proprioceptively target thoracic spine motion, while the solid red line indicates the

proprioceptive return motion. In contrast, the light blue and light red shaded regions highlight phases of objective motion; within these, the solid
blue and solid red lines represent the objectively measured target and return motions, respectively. The dashed green line denotes the participant’s
objective neutral position, serving as the baseline throughout the continuous movement trial. (a) presents continuous flexion movements of the
thoracic spine, (b) presents continuous right axial movements of the thoracic spine.

all at their own pace until a trial concludes. This approach
authentically captures their natural movement characteristics
in continuous motion. The system undergoes calibration before
each trial to ensure accurate motion tracking. Participants rest
for 5 minutes between trials for muscle adjustment and relax-
ation. Meanwhile, a technician monitors real-time kinematic
signals from the system’s inertial sensing units during each
trial and has the authority to interrupt and restart a trial if any
issues arise, thus guaranteeing each trial’s integrity.

For the healthy participants, an Inter-Day experimental
arrangement is employed, in which the same participant com-
pletes an additional full experiment on a different day (usually
spaced around 2-3 days apart) for replication. Each participant
completes a cumulative total of 3 full experiments, all adhering
to the same protocol, resulting in 3 experimental sessions.

After the system was validated through experiments con-
ducted with healthy participants, a stroke rehabilitation patient
participated in a single experiment session. In this session,
each movement was repeated continuously 15 times.

E. Reliability Assessment

Aligned with our research objectives, we aim to develop
an objective, stable, and automated system for quantifying
thoracic spine movement during continuous motion. In this
study, the reliability of the system in actively analyzing tho-
racic spine mobility was assessed using the ICC and SEM [30],
[35], [36], [37], [48], [49], [49], [50], [51]. ICC and SEM are
widely acknowledged as tools for assessing the performance of
measurement methods through the evaluation of measurement
reliability [49], [50], [S1].

Although ICC analysis does not strictly require data
normality or homogeneity of variance, incorporating these
considerations can enhance the robustness and accuracy of
the ICC outcomes. Before implementing ICC, the data were
verified to meet the necessary prerequisites by conducting
normality checks using the Shapiro-Wilk test and evaluated
homoscedasticity through Levene’s test. The results, with
p-values above 0.05, confirm normality and consistent variance
across sessions, supporting the validity of the ICC calculations.
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TABLE |
RANGE OF MOTION FOR PRIMARY THORACIC SPINE MOTION ( WITH STANDING POSITION)

Anatomical Planes DOF Target Motions Mean SD Range Min Max ICC 95% C1 P value SEM  Total of Measures
i Flexion 3352°  494°  249° 2126° 4616° 0895  (081,095) <000l 1.6° 170
In Sagittal Plane Extension 1374°  32° 148  691°  217° 0808 (0.657,0.909) < 0.001 1.4° 146
In Frontal Plane Left Lateral Bending ~ 17.1°  2.23° 11.24° 11.26° 22.5° 0918 (0.846,0.962) < 0.001  0.64° 172
Right Lateral Bending  1643°  1.71°  8.84°  12.23° 21.07° 0774  (0.6,0.892) < 0.001 081° 171
Left Axial Rotation ~ 42.97° 8.91° 41.35° 22.69° 64.04° 0878 (0.773,0.942) < 0.001 3.11° 149
In Transverse Plane Right Axial Rotation ~ 49.91°  9.66° 4593° 18.82° 64.74° 0.826 (0.671,0918) < 0.001  4.03° 149

The 95% CI (Confidence Interval) is (Lower bound, Upper bound).

Automated Q
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Fig. 8.  Visualizing primary and coupled movements of continuous
thoracic spine motion, along with key event tracking. (a) Continuous
thoracic spine flexion motion. (b) Continuous thoracic spine right axial
motion.

A two-way random-effects model for ICC was adopted,
referred to as ICC(C,k) [37], [48]. This approach was specif-
ically focused on evaluating both the inter-day consistency
and the reliability of single measurements, emphasizing the
importance of consistency agreement. An ICC score below
0.5 suggests poor reliability, between 0.5 and 0.75 signifies
moderate reliability, between 0.75 and 0.9 represents good reli-
ability, and values exceeding 0.9 indicate excellent reliability
[37]. Furthermore, a smaller SEM value indicates a higher
level of reliability [35], [49].

[1l. RESULTS

In this study, we considered flexion, left lateral bending, and
left axial rotation directions as positive, while regarding exten-
sion, right lateral bending, and right axial rotation directions
as negative. The plus and minus signs are used to indicate the
direction on a specific plane or DOF. The ‘4’ sign represents

the positive direction, while the ‘-’ sign represents the negative
direction.

A. Active Detection of Key Events

We randomly selected experimental outcomes encompass-
ing diverse directional thoracic spine maneuvers to exemplify
the system’s ability in automating the segmentation of actions
and capturing key events in uninterrupted dynamic thoracic
spine movements.

Fig. 7 depicts the system’s automated tracking and fine
segmentation of continuous flexion thoracic spine motion,
primarily occurring in sagittal plane (Fig. 7(a)), as well as con-
tinuous right rotation thoracic spine motion, which primarily
occurs in transverse plane (Fig. 7(b)). The ‘Revert’ indicates
the process where the wearer returns to the proprioceptive
neutral starting position after completing the target thoracic
spine movement. In the same experimental trials, Fig. 8 visu-
alizes the active spatio-temporal analysis, including the capture
of key events with target motion counting, for continuous
dynamic thoracic spine motions. The results demonstrate that
our system can actively and effectively track, partition, and
capture the key events of thoracic spine motion in different
planes and directions during continuous movement, includ-
ing effectively distinguishing between proprioceptive motion
events and objective motion.

B. Active Computation of ROM

Table I presents the system’s active computational results
of the primary ROM for distinct target thoracic spine motions
in inter-day continuous thoracic spine movement experiments.
A total of 957 effective thoracic spine movements have been
included. Here, ‘SD’ stands for Standard Deviation, and the
significance level « of the ‘P value’ is set at 0.05. Fig. 9
illustrates a visual comparison of experimental outcomes,
depicting the ROM values for distinct primary thoracic spine
motions during dynamic continuous movements across dif-
ferent groups. Fig. 10 presents the results of the system’s
assessment of the ROM for primary thoracic spine motion
along with its accompanying coupled motions during contin-
uous movement.

C. Automatic Temporal Quantification

Tables II and III present active temporal computations for
distinct thoracic target motions in various planes and DOFs
during continuous movement for both the healthy and stroke
rehabilitation group.
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TABLE Il
TARGET THORACIC SPINE MOTIONS TIMING FOR HEALTHY GROUP IN
DYNAMIC CONTINUOUS MOVEMENTS ( UNIT: SEC)

. Execution Revert Cycle Completion
Target Motions Mean SD Mean  SD__ Mean SD
Flexion 0.72 0.1 076  0.11 1.48 0.2
Extension 082 0.16 085 023 1.67 0.39
Left Lateral Bending 0.78 0.2 079 021 1.56 0.41
Right Lateral Bending ~ 0.71  0.19 0.77 027 147 0.46
Left Axial Rotation 0.85 0.1 0.86  0.13 1.71 0.23
Right Axial Rotation 086 008 091 0.15 1.77 0.23

TABLE Il

TARGET THORACIC SPINE MOTIONS TIMING FOR STROKE
REHABILITATION GROUP IN DYNAMIC CONTINUOUS
MOVEMENTS (UNIT: SEC)

. Execution Revert Cycle Completion
Target Motions Mean SD _ Mean SD__ Mean SD
Flexion 1.77  0.18 1.81 0.15 358 0.19
Extension 1.37 0.11 1.76 0.16 3.13 0.23
Left Lateral Bending 120 0.08 129 008 249 0.13
Right Lateral Bending 1.36  0.10 142 0.09 2.77 0.14
Left Axial Rotation 1.16  0.07 1.30 0.08 2.46 0.19
Right Axial Rotation 127  0.11 129 006 254 0.14

IV. DISCUSSION

As a significant contribution, this study introduces a wireless
wearable portable system designed to perform active spatio-
temporal analysis of continuous thoracic spine movements
across three distinct anatomical planes and DOFs. This inno-
vative system provides a convenient and efficient method for

the automated analysis of thoracic spine mobility during con-
tinuous motion, capable of effectively distinguishing between
proprioceptive motion events and objective motion, enabling
objective, quantitative, and reliable assessments. It not only
enhances our comprehension of thoracic mobility patterns but
also offers an effective technological means for evaluating
upper and middle back pain caused by thoracic spine issues,
thus filling the current gap.

A. Active Motion Analysis Capability

We propose a novel wireless, portable, wearable system
capable of conducting quantitative spatio-temporal analysis of
thoracic spine mobility during continuous movement across
all anatomical planes and DOFs, effectively distinguishing
between proprioceptive and objective movements. This study
utilized an inter-day experimental setup with healthy partici-
pants from various age groups and genders, analyzing a total
of 957 thoracic spine movements. Additionally, we tested
thoracic spine mobility in a stroke rehabilitation patient to
evaluate the system’s performance for individuals with spinal-
related issues. As illustrated in Fig. 7 and Fig. 8, the system
effectively segments movements and detects key motion events
during continuous movements, distinguishing between pro-
prioceptive and objective movements. This method lays the
foundation for spatio-temporal quantitative analysis. Specif-
ically designed to capture natural thoracic spine movement
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patterns, our system enables an authentic reflection of volun-
teers’ individual movement traits during continuous motions.
It captures and quantifies each thoracic spine movement event,
with deviations from the baseline position during continuous
movements highlighting individual variations in propriocep-
tion, encompassing aspects of body control and movement
habits. Our system calculates the target thoracic spine ROM
from the objective neutral position, excluding deviations, while
accurately reflecting proprioceptive neutral starting points dur-
ing motion.

We applied the ICC and SEM to assess the reliability of sys-
tem strategies. The ICC values for primary ROM calculation
of thoracic movements in all anatomical planes exceeded the
established criteria for good reliability (ICC >0.75) [36], [37].
Specifically, the ICC values for flexion (0.895) and extension
(0.808) in the sagittal plane, left lateral bending (0.918) and
right lateral bending (0.774) in the frontal plane, and left axial
rotation (0.878) and right axial rotation (0.826) in the trans-
verse plane, all demonstrated high reliability. According to
previous research [35], goniometry measurements commonly
used in clinical practice typically allow for an acceptable
error of £ 5°. In this study, the average SEM for the ROM
calculation of thoracic movements in all planes was 1.94°,
with specific values for flexion (1.6°), extension (1.4°), left
lateral bending (0.64°), right lateral bending (0.81°), left axial
rotation (3.11°), and right axial rotation (4.03°). These findings
provide strong evidence for the reliability of the active analysis
system and its feasibility in clinical applications.

Literature reviews conducted by Pan et al. and Esteban-
Gonzilez et al. indicate that due to the current lack of
standardized measurement criteria in assessing thoracic spine
movement and the heterogeneity observed when employing
various type tools and protocols [52], [53], direct compari-
son of thoracic spine ROM across different studies becomes
impractical. However, we conducted comparisons between our
system experimental results and several scientific research
findings related to thoracic spine mobility reported in current
studies [46], [52], [54], [55], [56], [59], [60], [61], [62],
[63]. Fig. 9 illustrates the variations in the primary ROM of
the thoracic spine across anatomical planes. Notably, among
healthy individuals, the highest ROM were observed during
axial rotation, followed by flexion, lateral bending, and exten-
sion. In the overall healthy group, the mean primary ROM
across different planes and DOFs is ranked from largest to
smallest as follows: right axial rotation, left axial rotation,
flexion, left lateral bending, right lateral bending, and exten-
sion. Upon examining the 35-year-old male and 55-year-old
female groups, it becomes apparent that female thoracic spine
mobility is notably lower than that of males. These obser-
vations are consistent with previous research emphasizing
age-related impacts on thoracic spine mobility [52], [54], [55],
[56], [59]. In the primary motion of the thoracic spine in
one plane, coupled movements are observed in the other two
planes. Fig. 10 illustrates that coupled movements are most
prominent during lateral bending and axial rotation of the
primary thoracic spine, with minor coupled motions occurring
during primary flexoextension motions in the sagittal plane
among the healthy individuals. This phenomenon aligns with

established research in the field [46], [52], [60], [61], [62],
[63]. The experimental results demonstrate that the ROM
obtained through our system is reasonable and consistent with
existing research conclusions and previous studies on thoracic
spine mobility, reflects compatibility with established scientific
findings.

When comparing thoracic spine mobility between the
healthy group and the stroke rehabilitation group, Fig. 9
and Fig. 10 clearly show that the male of similar age who
has experienced a stroke exhibit significantly lower activity
levels than the healthy male, especially in axial rotation.
Achieving thoracic axial rotation also requires more coupling
movements. Additionally, a noticeable asymmetry can be
observed in left/right axial rotation. This asymmetry may result
from inherent anatomical differences, functional dominance
between body sides, or factors such as muscle strength dis-
parities, flexibility, coordination, previous injuries, postural
habits, and neurological conditions. Notably, all subjects in
this study were right-hand dominant, highlighting the case
of a stroke patient with right-sided hemiplegia.This patient’s
asymmetrical mobility, showing a reduced range of right
axial rotation compared to the left, contrasts with healthy
individuals, who typically exhibit a greater range of right axial
rotation. This suggests that the observed asymmetry may also
relate to the natural distribution of left- and right-handedness
in humans. This comparison validates the effectiveness of the
system, while our study also contributes valuable objective
outcomes to the knowledge base for thoracic spine mobility
in stroke patients.

As shown in the results of section III-C, in addition to calcu-
lating primary and coupled ROM of the thoracic spine across
various planes and DOFs during continuous movements, the
active analysis system enables quantitative assessment of the
key timing of thoracic spine events. This capability sets it apart
from previous studies. It is evident from Tables II and III that
the individual with spinal-related issues who has experienced a
stroke exhibits a notably slower performance in executing tho-
racic spine target movements across all planes, necessitating
a longer duration compared to healthy individuals.

B. Portable Wireless Characteristics

Through the utilization of the active analysis algorithm
developed within this study, an autonomous analysis of wearer
thoracic spine movements has been realized. This advancement
serves as a robust foundation for a comprehensive evalua-
tion of thoracic spine mobility performance. Furthermore, the
attributes of the system enhance its practically for individuals.
These attributes include its wireless design and absence of
wiring, its capacity to function without environmental limita-
tions, and the flexibility to position the control box unit up to
50 meters away from the inertial sensing units. This collective
configuration creates an environment that allows wearers to
execute movements without constraints, resulting in smoother
and more natural motions. As a result, the system is well-
positioned to offer more authentic feedback on the inherent
natural state of thoracic spine movement. The inherent wireless
nature, operational simplicity and cost-effectiveness of this
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system contribute significantly to its versatility and practical
utility.

C. Limitations

The developed active analysis system has demonstrated
promising capabilities in assessing thoracic spine mobility
through continuous movements. Nonetheless, our study is
subject to several limitations. Firstly, it aims to design a
stable, objective, and convenient method for measuring tho-
racic spine mobility in motion. Our emphasis has been on
system feasibility and effectiveness, specifically focusing on
the frequency of individual thoracic spine movements. Con-
sequently, our analysis prioritizes the quantity of movements
over the diversity of participant demographics, aiming to
underscore the motions themselves rather than providing a
comprehensive demographic analysis. This approach confines
our investigation to individual thoracic spine mobility tests and
assessments, rather than characterizing thoracic spine mobility
in a specific population or delving into the interplay among
additional relevant parameters.

Secondly, the experiments predominantly involve healthy
individuals and include only one representative case of tho-
racic mobility issues with post-stroke conditions. The clinical
application of this system in special populations, such as the
elderly and those potentially experiencing thoracic mobility
issues, remains unexplored due to a lack of comprehensive and
targeted research. While this pilot study laid the foundation,
future research should explore various scenarios to unveil
system versatility.

Thus, as our work progresses, we aim to undertake more
comprehensive and focused research to gain valuable insights
by analyzing system’s performance across diverse demograph-
ics. Currently, we are utilizing a stroke patient as a pilot for
preliminary exploration. Moving forward, we will conduct tar-
geted evaluations of thoracic spine mobility in stroke patients,
including measurements of trunk movement smoothness. This
will deepen our understanding of the rehabilitation needs and
progress of these patients. Adopting this holistic approach
will enable us to fully leverage the system’s potential in both
research and clinical settings.

V. CONCLUSION

In this study, we first introduce an objective, stable, and
automated system for automatic quantifying thoracic spine
mobility during continuous movements across all anatomical
planes and DOFs. The effectiveness of our active analy-
sis system was demonstrated through Inter-day experiments
involving 957 thoracic spine motions from healthy partici-
pants, as well as one representative case of thoracic mobility
issues with post-stroke conditions. This non-invasive, portable,
wireless wearable thoracic spine active analysis system, pro-
posed in this paper, empowers individuals to self-assess and
monitor their thoracic spine mobility, offering an effective
approach for analyzing upper and middle back pain. More-
over, with its attributes of cost-effectiveness, convenience,
and efficiency, this system can aid doctors in the clinical
diagnosis and evaluation of spine-related disorders. Beyond

these advantages, this innovative system holds the potential to
enhance our understanding of thoracic mobility patterns.
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