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ABSTRACT

The most prevalent forms of SpA in the US are AS and non-radiographic axial SpA, which together have a prevalence
of 0.7% to 1.4%. A class of autoimmune diseases known as seronegative spondyloarthropathies (SSA) causes normal
body cells to assault the musculoskeletal system, resulting in unstable, fracture-prone weak joints in the bones. Mil-
lions of people worldwide struggle with this issue, which is also one of the most difficult to identify and manage. This
is because more than basic tests or a visit to the doctor is often needed to identify the diagnosis, which frequently calls
for complicated scans. These spine issues can result in rib cage congestion, which alters breathing patterns and causes
chest expansions in various places of the torso. In the group of autoimmune diseases known as seronegative spondy-
loarthropathies (SSA), normal body cells attack the cells in our musculoskeletal system, causing the weak joints in
our bones to become unstable and brittle. These spine issues also result in rib cage congestion, which alters breathing
patterns and causes chest expansions in various thoracic regions. Five force-sensitive resistors are used in total by our
prototype approach. These are fastened to a belt that encircles your whole chest, mapping the chest's growth and
mobility in every dimension. This information is used to calculate the chest's expansion, including its size, rate, and
force. An IMU sensor will be used in the project to measure the chest's movement. The device's microcontroller will
receive all of this data and forward it to a wireless communication module. Data will be sent by this wireless connec-
tion module to a phone or laptop so that it may be processed. We may use the second derivative of the acceleration to
calculate the distance traveled or the expansion of the chest. We will need to perform a Riemann sum twice to deter-
mine the distance because our data is discrete rather than continuous. We may multiply the value by the interval
between readings to determine the velocity at a specific moment.

Introduction

Seronegative Inflammatory arthritis conditions affecting the spine and sacroiliac joints are known as spondyloarthrop-
athies (SSA). Because they do not test positive for RF, an antibody associated with rheumatoid arthritis, they are
referred to as "seronegative". Ankylosing spondylitis, reactive arthritis, psoriatic arthritis, and inflammatory bowel
disease account for the majority of instances of SSA. Breathing is slowed by spinal abnormalities brought on by
ankylosing spondylitis, one kind of SSA. As inflammation grows, the spine stiffens and fuses together. This may limit
the range of motion in the chest, making it more difficult to expand and breathe deeply. Breathing difficulties may
arise from ankylosing spondylitis due to interrelated reasons. Spinal fusion, which reduces chest expansion while
breathing and compromises rib joints and spine movement, is brought on by chronic inflammation. Restrictive lung
disease keeps the lungs from fully expanding because of diminished TLC and VC. A stiff chest wall can hinder the
diaphragm's ability to operate, which increases breathing, exhaustion, and dyspnea by requiring the recruitment of
auxiliary muscles for inhalation.

Some individuals get pleuritis and lung fibrosis, which further narrows the airways. Because of the structure
or function of the upper airways, ankylosing spondylitis has been related in certain studies to obstructive sleep apnea.
The intricate connection between the respiratory and musculoskeletal systems, as well as the systemic effect of Sero-
negative Spondyloarthropathies on health, are highlighted by these aspects. Chest expansion, a straightforward and
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non-intrusive measurement of chest expansion during deep breathing, is essential for the early identification of anky-
losing spondylitis. A markedly diminished expansion of the chest in relation to normal values could indicate seroneg-
ative spondyloarthropathies. The proposed device detects chest displacement at five places and is a portable chest
expansion measurement tool based on an IMU.

Methods

The rib cage is a moving organ. It can increase and shrink with your lungs. Like other bones present in the body, it
can thin with age. Gradual bone loss causes your ribs to lose some of their bulk. A study published in ASME Proceed-
ings, the ribs also become calcified along with age which means the bones lose their flexibility and break. X-ray scans
show that the calcification has increased from 6% in a person who is in their 30s and 45% when the person is in their
90s.

Ribcage bones become thinner and change shape, which alters the ribcage so that it expands very little and
contracts while breathing. The nerves in the airways that trigger coughing become less sensitive to foreign particles.
When particles build up in the lungs, they can damage the lung tissue. A minimal increase in the rib cage size is seen
from age 20 to 30 while it appears fairly constant for ages 30-100.The rib cage shape changes along with age which
is quite visible, particularly for the angle of the ribs relative to the spine and the kyphosis of the spine. As people age,
their chest wall stiffness and thorax shape alter as a result of dorsal kyphosis/anteroposterior diameter (also known as
"barrel chest"), calcification of the costal cartilages, and narrowing of intervertebral gaps. It makes sense to anticipate
that the lungs will undergo morphological changes concurrent with the thorax, given their close proximity to one
another.

In women who are not in long-term care their chest wall mobility at the axillary level and respiratory function
decreased. Increasing chest wall stiffness and changes to thorax shape due to calcification of costal cartilages, tapering
of intervertebral spaces, and increased dorsal kyphosis/anteroposterior diameter (‘barrel chest’)is associated with ad-
vancing age, given the tight positions of the lungs and the chest wall, it is reasonable to expect that the lung changes
its shape along with the thorax.

How Are Chest Movements Affected During Rib Fractures

Paradoxical movement of a portion of the chest wall is the most common symptom - that is the affected area goes in
when the patient breathes in and the rest of the chest expands, as the patient exhales the affected area moves outwards
and the rest of the chest contracts. The flail chest slides inside during the inspiration while the ribs move outward; the
converse happens during the expiration. We refer to this as paradoxical motion. Blunt trauma to the thorax, including
direct strikes, falls from a height, and automobile accidents, is frequently the cause of a flail chest.
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Figure 3. Flail Segment:

Inspiration, Expiration

Chest movements affected in diseases like lungs or COPD?
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Figure 4. Chest movements

Distance Calculation With IMU

BNOO055 can provide linear acceleration (Acceleration along individual axes of IMU) along with Gravity Vector in
the Fusion mode. We can use the linear acceleration data to calculate the displacements occurring along the different
axes of the IMU. Displacement along an axis can be found by double integrating the acceleration values.

d (1) =d, +vy + [ dt[ a(r)dT

The above formula can be used to calculate the displacement values from the acceleration data. But the for-
mula is only valid for continuous functions. The acceleration data provided by IMU is discrete. So we use trapezoidal
integration to calculate the displacement. Below figure illustrates the simple trapezoidal method, where the region
under the analog signal is approximated by the sum of a series of rectangles. The time increment between samples At
depends on the measurement sampling frequency, in other words it depends on how often the analog signal a(t) is
digitalized. The At step must be small enough to approximate signals with “high curvature” minimizing the calculation
error. This means that the sampling frequency should be high enough in relation to the highest frequency content of
the waveform. We can get 100HZ acceleration data output from BNOOS55 IMU.
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Figure 5. Trapezoidal Integration graph

Once we have the data in a discrete-time domain, we can use trapezoidal integration to calculate the velocity
and displacement.

- o ati—1)+a(i)
L{{];H(I)df =y 5 At

i=l

where:

a (1): continuous time domain waveform

a(i): i th sample of the time waveform

At : time increment between samples (#(i)-#(i-1))
n: number of samples of the digital record

Thus, displacements can be calculated recursively in two steps, first, computing velocity from acceleration,
and then, computing displacement from velocity:

a(i—=1)+al(i)

v (i)=v (i-1)+ At

dc(z‘}=dc(£—l}+wﬁr
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where:

a (i): i th sample of the acceleration waveform
ve (i): i th sample of the calculated velocity

dc (i): i th sample of the calculated displacement

Before we do the integration of IMU’s linear acceleration data we need to find the quaternion that will rotate
the linear acceleration vector to align it with the global frame. This is important because the IMU when mounted on
the show or any body part is not aligned with the global frame because of the curvature of the surface. This makes it
important for IMU readings to be tilt-compensated for the data to make sense. So every IMU reading is rotated to
align with the global frame. The below steps define the methods used to align the z-axis of the IMU with the global
Z-axis (gravity vector). Similar steps can be incorporated to align other axes as well.

qi=[wi ,xi,yi,zi] Quaternion reading for the i reading
Lai=[Lzi,Lzi,Lzi] Linear acceleration of the i" reading

Now to determine the quaternion about which to rotate the vector we can use matrix multiplication of the
quaternions(IMU’s z-axis with the gravity vector which is aligned with the global z-axis)

Gz=[0,0,1] Gravity vector

After determining the angle and the vector we can get the calibration quaternion which will rotate the Linear
acceleration vector to align with the global frame. The below formula can be used to determine the calibration quater-
nion. The first component in the matrix is the scalar component of the quaternion and the second is the vector.

q(0, n) — (cos(g),nsin(g}).

n= [xi,yi,zi ]
= [wi]
Once we have the calibration quaternion, we can use the quaternion multiplication to rotate the vector.

La-corr-i = gcalib-i * La-i * gcalib-i-1

where :

La-corr-i - Corrected linear acceleration data
gcalib-i - Calibration quaternion

La-i - Linear acceleration

gcalib-i-1 - Inverse of calibration quaternion
All the above calculations are repeated for all the IMU data points.
To validate the effectiveness of the above calculations we can cross-check the gravity vector graph. Making

sure the Z axis always has approximately 9.8m/s>. The graph below shows gravity vectors along the z-axis before and
after applying the calibration.
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Figure 6. Raw Gravity vector data along z axis
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Figure 7. Tilt-compensated Gravity data

From the above images, it is clear that the proposed method aligns the z-axis of the IMU with the global z
axis. The same steps are repeated for one of the other axis which aligns the entire IMU in the direction of the reference
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frame. Once the IMU is aligned, we can calculate the displacement for a single IMU unit below is the calculation for
4 IMUs working together.

1. Define Variables:

xi, yi, zi 3D coordinates of IMU i, where i=1, 2, 3, 4

xi,yi, zi : Roll, pitch, and yaw angles for IMU i

dxi,dyi, dzi : Displacement in the x, y, and z directions for IMU i

2. Orientation Transformation:

As stated above, the Orientation will be required same can be given by the below formula:

Lf=q*Li*qg-1=

3. Calculate Displacement:

The displacement in each direction can be calculated using the difference in coordinates between time points:

dri = xi(ta) — z;i(t1)

yi = Yilta) — yi(t)
d.i = zi(ta) — zi(t1)

o,
|

4. Combine Data from All IMUs:
To combine the data from all four IMUs to calculate the overall displacement of the chest in each direction.
This could be done by using a weighted average because the IMUs are not symmetrically placed.

4
. G tdp +dg+dy
v
4
d:l -+ d:? + d;:?; -+ d:_l
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Figure 8. Prototype CAD design
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Figure 9. Prototype front view

Assessment of chest expansion was done using CTM at three landmarks
1. upper [2nd intercostal space],
2. middle [4th intercostal space]
3. lower [xiphoid] chest).
The anatomical markers used to define upper chest expansion were the third intercostal space at the level of
the clavicular line spinous processes of the fifth thoracic vertebrae.

Follow the images
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A

Figure 10a, 10b & 10c. CTM Landmarks

Females (n=293) Males (n=283)

Sr. No. Level Mean |Std.Dev.(in|] Mean Std. Dev
(inInches) | Inches) |(in Inches)| (in Inches)

1 2" 15 222 0.76 2.76 0.9
2 4" Ics 2.22 0.73 271 0.83
3 | Zyphoid Process| 2.27 0.78 2.99 0.87

Table 2. Gender-wise comparison of Chest Expansion

Observation

To calculate the displacement in the chest while breathing in all four directions the device is equipped with 4 IMUs
to calculate the displacement which was rigorously tested on a healthy person. The observations consist of 33 different
time points for capturing the data for a complete breathing cycle. The chest movement in all three dimensions(x,y,z)
for all IMUs where captured by the device accurately displaying a pattern consistent with normal and healthy breath-
ing. The readings across the IMUs were consistent and reflected the symmetrical nature of chest movement in a healthy
individual, demonstrating the device's reliability. The sensitivity of the device allowed it to detect even the subtle
changes in the chest displacement, charting the entire breathing pattern, including transitions. The observed pattern
was in line with physiological expectations for a fit person, reflecting a smooth, sinusoidal-like motion typical of
unlabored breathing. Furthermore, the successful capture of detailed breathing data, along with the robustness of the
mathematical model, suggests that this device may have potential applications in clinical settings.
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It could be useful in monitoring breathing patterns, detecting anomalies, or assisting in the diagnosis of con-
ditions such as Seronegative Spondyloarthropathies

Z-Axis Readings for IMUs
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Figure 11. Z-Axis readings for IMU

Results

The prototype is not only a non-invasive but also a reusable device. The given solution differentiates and accurately
predicts the chest movements for ankylosing spondylitis only and does not misdiagnose for other conditions such as
chest deformities, obstructive bronchitis, etc. The device will help in the early diagnosis of ankylosing spondylitis
which is quite challenging. This will restrict patients from other activities that may worsen the condition further such
as scuba diving, high-altitude hiking, and other activities that require focus on breathing and chest expansion.

Discussion

Computer-aided design or CAD design is the process of creating, modifying, analyzing, or optimizing a design using
computer software. I obtained practical experience with CAD programs including AutoCAD, SolidWorks, and Fusion
360 during the assignment. I gained knowledge about how to make intricate 3D models by comprehending the limits
and geometry of the pieces I was designing. I also improved my ability to draft precise technical drawings that include
material specifications, measurements, and assembly guidelines. Additionally, I learned how to run simulations to
evaluate a design's robustness, performance, and endurance under various scenarios. Another important component
was having a basic understanding of design concepts, such as ergonomics, usefulness, and aesthetics.

As I worked on design projects that required sharing and integrating various components developed by team
members, collaboration was an essential component of the process. In addition, I improved my abilities to manage
and arrange CAD files, including version control and paperwork.

Conclusion

The device's ability to understand complex breathing patterns was confirmed by the four inertial measurement units
(IMUs), all of which continuously produced accurate and responsive data. Given its apparent efficacy, this method
has great promise for improving health monitoring in a variety of non-clinical and clinical settings. It may also be
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further improved to allow for the monitoring and diagnosis of certain diseases, including seronegative spondyloar-
thropathies. The initial testing seems promising, but there are still a number of issues that need to be resolved for
further development, such as calibration, long-term stability, and usability. It may be possible to significantly improve
the accuracy of the device by integrating it with additional sensor technologies or by applying sophisticated machine
learning techniques. It is critical to thoroughly address ethical and regulatory issues, such as patient permission and
data protection, as the technology moves closer to clinical deployment. By continuing research and working with
specialists in specialized domains like pulmonology and biomechanics, the device's full potential may be achieved. A
system's ability to be successfully tested not only confirms that it works as intended, but it also opens up possibilities
for other uses, such as early diagnosis, therapeutic monitoring, and assistance with rehabilitation. When this technol-
ogy moves from its experimental stage to practical use, engineers, doctors, and regulators will all need to be involved
and cooperative in order for it to have a substantial impact on healthcare and general well-being.
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