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Abtract. The chest expansion measurement is a part of physical therapy to track the progress of rehabilitation
for checking the performance of lungs. The chest expansion mechanism moves like pump handle and bucket
handle. These two movements cause the chest move many directions. For tracking the chest movement in
each direction, the MEMS accelerometers are used to measure acceleration in each axis. Consequently,
acceleration is converted to displacement by double integration. The acceleration from accelerometer in each
axis is affected from the earth gravity force. Thus, rotation matrix is used for compensating the earth gravity
force. It can track the acceleration vectors while rotating. The known movement from robot is simulated
similar the chest expansion. 60 sets of accelerometer data were collected from robot demonstration and were
analyzed for testing the accuracy of sensor and algorithm. For the highest expansion, the chest expansion
measurement must be performed while doing deep breathe inhale and exhale. The deep breath signal is a low
frequency and there is high frequency noise. Therefore, a low-pass filter was used for eliminating high
frequency noise. The accelerometers and VICON’s markers were placed together on the body. The
displacement results from accelerometers were compared with the displacement of VICON motion analysis
system to find the accuracy of our purposed device. The average error of 20 sets of acceleration data from
accelerometers which referred with VICON motion analysis is 7.195£4.361 mm. Accelerometer result trend
follows VICON motion analysis and corresponds to each other.

Keywords: Chest expansion, accelerometer, gyroscope, displacement, gravity compensation, rotation
matrix.
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1. Introduction

In the future, the death rate trend of global population will be increasing. Until 2030, the Chronic Obstructive
Pulmonary Disease (COPD) or the disease that happen in lungs will become the fourth leading cause of
death. The total death rate of COPD would be 7.8% of the population [1]. Pulmonary rehabilitation program
including body exercise and breathing exercise is used for improving the physical function. The chest
expansion measurement is an important part of this rehabilitation. It is used for measuring an ability of
respiration and tracking the body physiology improvement [2](3][4].

The physical therapy clinics in Thailand actually measure the chest expansion by using body tape. While
the patient breathing deep inhale and exhale, the force from body tape holding does not equal in each time
and the force from different measuring person. Thus, they cause the final result error of chest expansion.
Using body tape to measure the chest expansion, it can measure only one dimension. The result is how long
of tape appears when deep inhale and exhale. Nevertheless, the chest expansion moves more than one
direction.

Consequently, the chest expansion measurement devices need to improve the efficiency. Recently, there
are many techniques or devices for measuring the chest expansion. The microphone is used for measuring
the sound while breathing. It can measure flow rate of breath and integrate for converting flow rate to volume
of air lungs. Analyzing the volume of lungs to observe the chest expansion but the environment sound affects
to noise of system [5]. By using a sonar technique, the ultrasound wave is sent from transmitter to the chest
and receiver received the reflection. It can measure the time duration of wave reflection and converts to chest
expansion length [6]. The microwave like high radio frequency is used to measure the chest expansion by
placing the Rx-Tx antennas on front and back of human body. When the chest expanded, high radio
frequency signal must pass through many layers of body such as skin, muscle, fat, lungs, etc., the power of
signal will be lost. The power lost can measure the chest expansion [7]. The clothes affect to ultrasound and
microwave techniques. The laser interferometer measures the vibration of the light reflection on chest. There
is a change in the vibration signal when the chest is expanded and impressed leading the location of the light
to be significant [8]. Chest expansion is measured by using camera. Webcam camera captures the chest
movement while the patient is in laying-down posture and the moving distance in captured images is analyzed
[9]. In another research, infrared cameras track the marker that placed on chest. While the movement of
marker is measured, it also represents the movement of the chest. Thus, the body posture and position of
marker affect to the measured result [10]. The clinical device for measuring the chest expansion is Respiratory
Inductance Plethemography (RIP) band which inductance depends on the length of coil inside RIP band.
Therefore, inductance change stands for the perimeter of chest [11]. The accelerometer is used to measure
the acceleration and tilt and calculate the respiratory waveform. It is compared with the result from RIP band
[12] and nasal pressure sensor [13] to find the accuracy of sensor.

Motion analysis system (VICON) is the gold standard motion capturing that can measure the body
movement by tracking the markers placed on body. ECG, RIP band and nasal sensor are compared with
VICON motion analysis for observing the respiratory patterns such as normal breath, irregular breath, deep
breath and apnea [14]. The next research studied about thorax movement with VICON [15]. They placed
more than 100 markers and observed the thoracic movement mechanism. For comparing the VICON with
higher standard 3D scan namely Single-Photon Emission Computed Tomography (SPECT) system [16], the
result shows that the VICON has suitable resolution and reliability for measuring the chest expansion.

However, VICON is not proper in clinical measurement because it is expensive and complicate to install.
The light from environment affects the system. Therefore, the objective of this work is the device design that
places on human body to measure the chest expansion. From the chest expansion mechanism, it moves more
than one direction and the accelerometer was chosen for measuring 3 directions of acceleration such as X, Y
and Z axes. After that, the acceleration is converted to displacement and compared the displacement result
with VICON motion analysis system to find the accuracy.

2. Materials and Methods

The chest expansion measurement can use many devices or techniques. This research used accelerometers
for measuring the 3-axis acceleration. Refer to Fig. 1, the MPU-6050 digital accelerometer and gyroscope was
used and communicated with Arduino Uno through I2C interface. The data is processed by MATLAB®. First
of all, low-pass filter was used for eliminating high frequency noise. The acceleration vectors also include the
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earth gravity force thus the rotation matrix was used to compensate this effect. Afterward, acceleration was
converted to displacement by using double integration.
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Fig. 1. System block diagram.
2.1. Respiratory and Chest Expansion System

Respiratory System is the process for exchanging oxygen and carbon dioxide inside the lungs. In each lung
has 2 thin tissues such as Parietal Pleura and Visceral Pleura. There are Pleural space and Pleural Fluid between
them. It causes elasticity and makes the lungs and thorax move together. The thoracic cage contains sternum,
costal cartilage and ribs. The main respiratory muscle is diaphragm. When it is pressing down, the volume
inside the lungs is increasing and the air can flow into the lungs. Until the pressure inside the lungs equals
outside, the diaphragm relaxes and moves back. The air flows out of the lungs and the volume decreases to
normal. Therefore, the diaphragm and lungs movements affect the chest expansion. The sternum movement
changes the dimensions of the thorax in the anteroposterior direction, it is called “pump handle”. And the
ribs movement changes the lateral dimensions of the thorax when the shafts are elevated, it is called “bucket
handle” [17]. The two types of chest expansion is illustrated in Fig. 2.
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Fig. 2. The chest expansion movement [17] (a) pump handle and (b) bucket handle.
2.2. Accelerometer and Gyroscope

From the chest expansion mechanism, the directions of movement are more than one direction. The
accelerometer is used in this research. It can measure the acceleration in 3 axes and the axes of rotation are
shown in Fig. 3(a). Inside the accelerometer has inertial mass, the accelerometer moving or tilting moves the
inertial mass [18]. Then, the acceleration output follows the inertial mass movement that refer to Fig. 3(b).
While placing the accelerometer on the chest and it is moving, the acceleration is generated in each axis. The
respiratory of human causes the thoracic moved differently, therefore the placed position of the sensors on
chest is important. The gyroscope measures angular velocity of each axis [19]. It can convert to angle of
sensor rotation by using integration. The accelerometer and gyroscope is designed under MEMS technology.
MPU-6050 from InvenSense Inc., USA. was used in this research. The measurement range of accelerometer
is from 2g to £16g and gyroscope is £250°/s to £2000°/s. The digital sensor specifies the tesolution of
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their result. The chest expansion movement is slow and has little acceleration then we used +2g and £250°/s
for our research.
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Fig. 3. The accelerometer specification [18] (a) the acceleration in each axis and (b) the mechanism inside
the accelerometer.

2.3. Butterworth Digital Low-pass Filter
The acceleration from accelerometer has high frequency because the mechanism inside the sensor has spring
and actually sways. The high frequency noise is eliminated by digital low-pass filter. Butterworth low-pass

filter is simple to design and has good response for low frequency [20]. The 2 order Butterworth low-pass
filter transfer function (G(s)) is shown in Eq. (1).

G(s) = —2 (1)

S24+sV2Zwetw 2
And the bilinear transformation for changing Laplace-transform to Z-transform is

21-z1
5= i @

By Ts is sampling time and substitutes Eq. (2) into Eq. (1) and specifies cutoff frequency (w). The Z-
transform of Butterworth low-pass filter transfer function (G(z)) is shown in Eq. (3).

142z 14272
G(z) = 0.2011 1-0.6223z-1+40.4268z~1 )

The transfer function of G(z) is the relation between output and input. The discrete-time equation, Eq.
(4), was converted to find the coefficients.

y[k] = 0.2011x[k] + 0.4022x[k — 1] + 0.211x[k — 2] + 0.6223y[k — 1] — 0.4268y[k — 2] (4)
where y[k] and x[k] are the output and input at current sampling respectively. Therefore, the coefficients
of input and output will be multiplied by data at current and previous sampling, k, and obtain the filtered
data.

2.4. Gravity Compensation
MPU-6050 (InvenSense Inc., USA) accelerometer and gyroscope module is shown in Fig. 4(a) for measuring
acceleration in the earth, the earth gravity force affects the accelerometer data. Incorrect acceleration also

makes incorrect result. The vector of each accelerometer axis is illustrated in Fig. 4(b) and the equation of
acceleration that affected from the earth gravity force is shown in Eq. (5).

Ameasure = Areat T 9 ®)
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So the real acceleration is

Arear = Ameasure — 9 ©)

The earth gravity force was compensated by using the rotation matrix. It tracks the object at body frame
that moved from reference frame and rotates back to reference point. The rotation matrix contains vectors
and angles [21] as shown in Fig. 4(c).

AN

Accelerometer

Earth Gravity Force

@) (b) ©

Fig. 4. Vectors of each axis (a) MPU-6050 accelerometer and gyroscope module (b) accelerometer axes and
the earth gravity force vector and (c) vector from 3 axes and affected angles.

From Fig. 4(c), the vector () contains 3 vectors shown in Eq. (7).
= (cosa sinf, sina sinf, cos[)’) = (nq, ny, n3) (7
The rotation matrix of vector and angle [22] is shown in Eq. (8).

c+m)?*(1—-¢) mnny,(1—c)—sn3 nnz(1—c)+sn,
R(6,7) = [nyni(1—c)+sn; c+ m)?*(1—c¢) mnynz(1—c¢)—sny ®)
nsny (1 —c)—sn, ngn,(1—c)+sn; c+ (n3)>(1—c)
whete ¢ = cos6, s = sinf and then the vector (1) and angle () from angular velocity are

! !

= |Zr| = # = [nxr nyrnz] = [nlr n2'n3] ©)
/w’x +6y 2+,
0 = |w'|AT (10)

where @' is angular velocity of 3-axis angular velocity and AT is sampling time.

The block diagram of rotation matrix concept is illustrated in Fig. 5. After calculated the rotation matrix,
Rypdate is represented for tracking the object path in each sampling time. The angular velocity from
gyroscope knows the sensor rotation in all axes and generates Rypgqte- When any vector of input passes the
rotation matrix, it will become the output vector and show the new rotated vector. We used this algorithm
to convert the acceleration to reference frame and subtract the earth gravity force for compensating the earth
gravity force effect.
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2.5. Displacement from Acceleration

The acceleration’s unit is =z and acceleration integration obtains velocity (v(t)) and the unit is > Then,

velocity integration obtains displacement (d(t)) and the unit is m. Finally, the displacement from acceleration
is converted by double integration and equations are shown in Eq. (11) to (13).

Angular velocity

from gyroscope Input vector
w' = [wx’,wy',wz'] fi= [xy,z]
Update matrix ¢
Rupdate Vector ratation
* algorithm
Rotation matrix
Nf‘ X > R
: Output vector
AT s s
Delay n=bky.zl
-
1/z
Fig. 5. Block diagram of rotation matrix used concept [21].
v(t) = vy + ft’; a(t)dt (11)
dt) = dg + ftto v(t)dt (12)
And then
d(t) = dg + vo(t — to) + ftz ftto a(t)drdt (13)

In discrete-time system, the trapezoidal rule is approximated the result from integration or estimated the
area under the function curve [23] as shown in Fig. 6. The equation of trapezoidal rule is

[k fedx = S1f @) + f D@ = xe-1) =5 [F i) + fGOIR - (14)

A- f(x)

X1 X

Fig. 6. Discrete-time integration by using trapezoidal rule.
Therefore, the programming code for integrating the signal is shown in Eq. (15).
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y[nl = y[n = 1]+ 3= (x[n — 1] + x[n]) (15

whete y[n] is output at current sample, x[n] is input at current sample and fy is sampling frequency.

2.6. Experiments

Deep breath inhale and exhale were performed to measure the chest expansion. The sensors that including
accelerometers and VICON markers will be placed on body around chest and measure displacement while
staying with arm-elevated posture. This research is offline measurement, the data will be acquired in 3
breathing cycles and calculated for testing the accuracy of proposed device. At preliminary, we tested our
proposed device with robot that moves regularly and stable. Finally, we placed the sensor on subject body
and compared the measured result with VICON motion analysis.

2.6.1. Robot moving demonstration

The known rotation and displacement from the robot demonstration is used for measuring the accuracy of
sensor and algorithm. Accelerometer was placed on the EPSON CA-AG601S robot and shown in Fig. 7. to
demonstrate the movement like the chest expansion movement. The repeatability of this robot is £0.02 mm
which means if the robot moves to one position on XYZ-plane, the position error from the reference point
will not be more than +0.02 mm.

Fig. 7. Accelerometer on EPSON CA-AG601S robot.
2.6.2. Chest expansion measurement

In chest expansion measurement, we used accelerometers to measure the acceleration and converted to
displacement while capturing the video by using VICON motion analysis (VICON Motion System Ltd., UK).
The sensors were placed on the body as referred in Fig. 8. The sensor no.1 and 2 were placed on front of
chest around 6™ rib in left and right respectively. Next, the sensor no.3 and 6 were placed on beside of body
around 8 rib in right and left respectively. Finally, the sensor no.4 and 5 were placed on back of body around
T10 in right and left respectively. Afterward, subject stands on the center of motion analysis’s room and stays
with arm-elevated posture. The breathing process of chest expansion starts from deep-exhaling to deep-
inhaling respectively in 3 cycles/time.
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L

Fig. 8. Sensors placement position on body [24].
2.6.3. Accelerometer data calculation

The accelerometers’ data used Butterworth digital low-pass filter to eliminate the high frequency noise. Next,
the acceleration is affected from the earth gravity force and then used rotation matrix to compensate this
effect. The data without the earth gravity force still has offset, thus it was eliminated by using mean value
subtraction. We sampled the data in period of deep-exhaling to deep-inhaling. Finally, the acceleration was
converted to displacement by double integration.

3. Results and Discussion

The chest expansion measurement must measure while deep breath inhale and exhale for maximum
expansion length. Hence, the deep breath process has low frequency around 0.1-0.3 Hz [14]. The acceleration
result of deep breath from accelerometer is shown in Fig. 9(a). The data was acquired with 50 millisecond of
sampling period. For maximum expansion, the posture is important. Arm-elevated posture makes the air can
flow fluently to lungs and prevents the main shoulder contraction |2]. The chest can expand to maximum
and the posture is illustrated in Fig. 9(b).
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Fig. 9. The result of deep breath action (a) acceleration data from accelerometer and (b) accelerometer’s
vector and arm-elevated posture.

In frequency domain referred in Fig. 10(a), the deep breath signal has low frequency and high amplitude
at 0-0.3 Hz. At 0 Hz is offset of signal. This offset is rejected by mean value subtraction without effect to
other frequencies and the result is shown in Fig. 10(b). The high frequency noise is eliminated by using
Butterworth low-pass filter. Refer to Fig. 10(c), the data is smoother than previous.

The robot demonstration was used to find the accuracy of the sensors and algorithm. The chest
expansion behaves similar “bucket handle” and “pump handle”. These behaviors have expansion length
around 1 to 3 cm [3] then we set the robot rotation around 15°, 30° and 40° to represent the displacement
around 1.100, 2.125 and 2.732 cm respectively. The example result of 40° rotation is shown in Fig. 11. One
set of accelerometer data was acquired for 600 samples at 20 Hz sampling rate. The robot rotation affects the
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accelerometer at Y-axis. The rotation around Y-axis causes the acceleration at X and Y axes changed. The
angle of angular velocity integration is shown in Fig. 12. It is around 40° at Y-axis.

Figure 13(a) shows the acceleration that passed the gravity compensation algorithm by using rotation
matrix. The period of integration was selected from the cycle of robot rotation. The integration range is
chosen from stable at the first value until the next stable value. The displacement of double integration is
shown in Fig. 13(b). The displacements of X, Y and Z axes are —1.411, 6.428 and -22.46 mm respectively.
The total displacement is

2000

total displacement = J(Dispx)z + (Dispy)2 + (Disp,)?

= J(—1.411)% + (6.428)% + (—22.46)? = 23.404 mm.
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Fig. 10. Deep breathe signal data (a) frequency of raw data, (b) frequency of data from mean value subtraction
and (c) acceleration data after used Butterworth low-pass filter.
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Acceleration from Accelerometer
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Fig. 11. The acceleration of accelerometer from robot movement at 40° rotation.
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Fig. 12. The angle of angular velocity integration from robot movement at 40° rotation.

Therefore, the etrror of displacement between robot movement and accelerometer at 40° of rotation is
3.915 mm. The data was acquired for 60 sets including 15°, 30° and 40° of rotation. The average displacement
error and standard deviation of total displacement result from robot demonstration is around 2.2421+2.018

mm.
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Acceleration with Rotation Matrix
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Fig. 14. Data from VICON motion analysis while deep breathing.

The VICON motion analysis gave X, Y and Z axes result of each marker. The 3 cycles of deep breathing
data was plotted by MATLAB and illustrated in Fig. 14. The S1 to S6 represent the marker positions on body
as referred to Fig. 8. The summarized displacement result of accelerometers and VICON motion analysis
from subject measurement is shown in Table 1 and the graph is illustrated in Fig. 15. The result trend of
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accelerometer follows the VICON motion analysis. The average error and standard deviation are around
7.195+4.361 mm.

Table 1. Displacement result from accelerometer and VICON motion analysis.

No. of Sensor Total displacement from Acc Total displacement from Motion
) (mm) Analysis (mm)

1 13.3162 20.8363

2 15.3133 23.6526

3 18.6112 25.8609

4 6.7100 8.4829

5 7.2209 10.0957

6 15.8003 21.2947
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Fig. 15. Mean and SD of total displacement at each sensor position.
4. Conclusion

At present, the chest expansion is important for physical therapy clinic to track the physical function
improvement. The chest expansion moves more than one direction and contains anteropostetior and lateral
directions. The MPU-6050 module, consisted of digital accelerometer and digital gyroscope, is used to
measure the acceleration in 3 axes in this research. The angular velocity was measured by gyroscope and
converted to angular of sensor tilt. Butterworth low-pass filter was used to eliminate the high frequency noise
because it is simple to design and implement. The earth gravity force in acceleration data was compensated
by rotating the data to reference frame and subtracting with the earth gravity force to eliminate the effect.
After that, we used the double integration to convert the acceleration to displacement. For testing the
accuracy of sensor and algorithm, the robot was brought to demonstrate the movement that known
displacement and moves similar the chest expansion. The displacement from accelerometer showed correctly
result. The average error and standard deviation is around 2.242+2.018 mm from 60 sets of data collection.
Next, the proposed device was used to measure the chest expansion of human. The result of our proposed
device had trend as same as the result from VICON motion analysis. The average error and standard deviation
is 7.19524.361 mm. These results are acceptable to use in practical clinic by the physical therapy expert.
The body movement while measuring affects to acceleration and accumulates the displacement error
from integration. Therefore, the body movement has been limited in measurement procedure. This research
has low sampling rate because there is time delay in communication with six sensors. The data with low
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sampling rate has low resolution and obtains the error in integration process. The future work we will increase
the sampling rate of data acquisition to reduce the error. Next challenge, the online measurement will be

developed.
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