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Bone fractures can result in accidents, osteoporosis, bone cancer, or other
conditions. X-Ray is a medical imaging technique often used to detect bone
fractures. However, X-Rays can have radiation effects that harm patients,
health workers, and the environment. Electrical impedance tomography (EIT)
is a system that can obtain object images based on the electrical impedance
distribution. In bone fractures, the proximal bone tissue experiences increased
blood flow with local edema due to the inflammatory reaction which indicates
the presence of a high conductivity diffusion material at the fracture location.
EIT based on the STEMIab Red Pitaya module can be utilized to detect bone
fractures. Red Pitaya serves as a controller, possessing a voltage generator, an
oscilloscope, and 16 input/output pins that fulfill most of the EIT functions.
To test the EIT-based system’s efficacy, a 3D-printed polylactic acid (PLA)-
based bone phantom model was used. This model was placed on a cylindrical
phantom filled with water as a substitute for soft tissue. The voltage data then
are reconstructed using electrical impedance and diffuse optical
reconstruction software (EIDORS), a MATLAB toolbox devoted to image
reconstruction from impedance measurement results. The results of the
reconstruction demonstrated that EIT based on the Red Pitaya STEMlab
module could distinguish between normal bone and fractured bone.
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1. INTRODUCTION

Bone is a vital organ that plays a critical role in enabling various activities. When the bone’s function
is disrupted, it hinders movements. A fracture is a state of discontinuity in the bone that can result from partial
or total trauma [1]. Fractures can be caused by accidents, osteoporosis, bone cancer, or other cases that exert
pressure on the bones [2]. Bone fractures are the second most common injury worldwide, affecting 436 million
people [3]. According to the World Health Organization (WHO), more than 5.3 million accidents occurred in
2011, 1.3 million of them resulting in bone fractures. 178 million new fracture cases were reported in 2019
worldwide. Besides that, 455 million acute or long-term symptoms of fracture cases were also reported in the

same year [4].
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Medical devices that are used to detect and diagnose bone fractures are radiography or X-ray
tomography (X-ray computerized tomography) [5]-[8], magnetic resonance imaging (MRI) [9]-[11], and
ultrasonography (USG) [12]. However, these instruments have several weaknesses, such as high cost and
negative effects on the body [13]. The medical imaging tool that is widely used for detecting bone fractures is
X-ray since it is the fastest and the easiest due to its speed and ease of use. However, X-ray has some drawbacks,
such as radiation effects that can harm the patients, health workers, and hospital environment. Regular use of
X-rays is harmful to the body since it can cause hematopoietic disorders (blood disorders) like anemia,
leukemia, and leukopenia. It can also kill cells in the body and increase the probability of cancer [14].

Electrical impedance tomography (EIT) is an electrical-based imaging technique that can image body
tissues [15] by mapping the distribution of electrical impedance in each tissue [16]. The tissue impedance
values are obtained from the characteristics of biological tissue that inhibit electrical currents injected into the
body. Human tissue has varying electrical conductivity values, ranging from 15.4 mS/cm for cerebrospinal
fluid to 0.06 mS/cm for bone [15]. These conductivity differences result in a different impedance value.
Therefore, the electrical impedance method can be applied to EIT to obtain image reconstruction of human
tissue [15]. EIT can detect tissue abnormalities due to differences in tissue impedance. EIT assesses the internal
characteristics of the human body by injecting an electric current through electrodes mounted on its surface
[17]. Bone tissue has significant bioelectrical variation because of its morphological diversity. In fractures, the
proximal bone tissue experiences increased blood flow with local edema due to the inflammatory reaction and
the bone's healing process. These events indicate the presence of material diffusion with low electrical
resistance in the fractured part [18], [19].

EIT has been widely used in the medical field, including the treatment of the thorax, to detect lung
function, abnormalities in the respiratory system, breast cancer, heart function, and brain nerves [20]. The
advantages of EIT are that the device is portable and non-invasive so patients feel comfortable during
examinations, and there is minimal risk of harm. EIT does not cause long-term risks when compared to MRI,
computed tomography (CT), and X-ray [21]. Research related to portable EIT has been conducted by building
a STEMlab Red Pitaya-based system at an affordable cost [22]. The system was tested on eggs with different
heating times using eight electrodes [23]. The STEMlab Red Pitaya can fully utilize hardware control, signal
generation, and data acquisition capabilities to implement most EIT functions. The EIT system developed
based on STEMlab Red Pitaya can measure biological tissue with high accuracy at an economical cost.

Based on the problems described, a portable EIT system based on the Red Pitaya STEMIlab module
can be designed to detect bone fractures. The Red Pitaya was used as a controller because it has a function
generator as a voltage generator, an oscilloscope as a signal reader, and 16 input/output pins as channel
controllers, allowing it to perform most of the EIT functions. This study used a phantom made of 3D-printed
PLA to substitute bone placed in a water cylinder for soft tissue. The phantoms used were divided into two
types: phantoms with normal bone conditions and those with fractures. The reconstruction software used is
electrical impedance and diffuse optical reconstruction software (EIDORS), a MATLAB toolbox dedicated to
image reconstruction from impedance measurement results.

2. MATERIALS AND METHODS
2.1. Hardware design

The hardware design of the EIT system is shown in Figure 1. The system consists of data acquisition
device STEMlab Red Pitaya, DC Block, buffer circuit, the voltage controlled current source (VCCS),
demultiplexer, multiplexer, instrument amplifier, and filter circuit. Demultiplexer has a function to inject
current from VCCS to the phantom and multiplexer has a function to measure the voltage originating from the
phantom.

2.2. STEMlab Red Pitaya modul driver

The STEMIab Red Pitaya 125-14 ultimate kit module has two oscilloscope inputs and two function
generator outputs with a sample rate of 125 Msps each and a bandwidth of 50 MHz. The module is also
equipped with memory to store data. The STEMIab Red Pitaya module has 16 digital input/output pins and
supply voltages of +3.3 Volts, -3.3 Volts, and 5 Volts. The STEMIab Red Pitaya module was chosen for its
ability to fulfill most of the functions of EIT. It can generate an alternating current (AC) voltage signal and act
as both a function generator and oscilloscope due to its digital analog converter (DAC) and analog digital
converter (ADC). The DAC converts the digital signal sent by the PC into an analog signal that the voltage
controlled current source (VCCS) can read, while the ADC converts the measured voltage signal into a digital
signal that a personal computer (PC) can recognize. The STEMIab Red Pitaya module can also control
demultiplexers and multiplexers to manage current injection, provide grounding, or measure voltage. The
signal acquisition process using the Red Pitaya STEMIlab module begins by measuring the voltage signal,
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which is sent to Red Pitaya. The voltage signal then passes through a low-pass filter and the ADC converts the
signal to fill the data buffer on the field programmable gate arrays (FPGA).
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Figure 1. Block diagram of EIT based on STEMIlab Red Pitaya

2.3. Software design

The MATLAB software was utilized to control the STEMIab Red Pitaya module, which generates
AC voltage signals, performed ADC and DAC conversions, and carried out the filtering process. Additionally,
it controlled the demultiplexer for current injection, managed the multiplexer for voltage measurement, and
handled data acquisition and grouping. Matlab is a data analysis program that supports standard commands for
programmable instruments (SCPI) commands to retrieve data stored in the Red Pitaya STEMlab Module. To
connect the STEMlab Red Pitaya module with MATLAB, one needs the IP address of the module, which is
available on the Red Pitaya web browser.

The processing was initiated by connecting the USB cable from the STEMIab Red Pitaya module to
the laptop and the universal serial bus (USB) power module to the STEMIab Red Pitaya socket. Then, the code
provided was entered to access the Red Pitaya web. Once the web is opened, enter the SCPI server section,
click the run button, and the internet protocol (IP) address of the STEMIlab Red Pitaya module being used
would appear. By entering this IP address into the Matlab program code, one can connect the STEMIab Red
Pitaya module with Matlab so that it can execute commands from the Matlab program. Next, one needed to
write program code in Matlab to generate an AC voltage signal and controlled the work process from STEMIab
Red Pitaya to build an EIT system. Image reconstruction was performed with EIDORS-V3.10. This software
performed the image reconstruction of measurement data on EIT. The result was a tomographic image that
show the difference in electrical impedance.

2.4. Bone phantom design

The EIT system for detecting bone fractures was tested on artificial bone phantoms in aqueous media,
which were used as a substitute for soft tissue. The phantoms were designed to resemble the femur bone and
were 3D printed using polylactic acid (PLA). PLA was selected for its availability and suitability for 3D
printing. Two types of bone phantoms were used in the experiment: normal and fractured bone. Sixteen
electrodes were then placed around the phantom, with a width of 15 mm and a height of 30 mm. The electrodes
were connected to both the current-injecting demultiplexer and the voltage-measuring multiplexer.

2.5. Data analysis

During the data analysis process, the image reconstruction results of the normal femur bone and
fractured femur bone were compared against the axial images of 3D printing objects, as shown in Figure 2.
Figure 2(a) showed the transversal section of the phantom in an aqueous chamber with normal bone in an
acrylic tube as the environment while Figure 2(b) depicted the fractured bone in an acrylic tube. Each tissue
has a different impedance value; also, with impedance values, it can detect physiological changes in the tissue.
So, the area will have an additional impedance value when a fracture occurs in the bone. The impedance
difference can be observed by the color differences in the reconstructed image. Different colors identify
different tissue types and can detect physiological changes in tissues. EIDORS software uses a color scheme
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to represent different tissue types, with dark blue, light blue, white, yellow, red, and maroon representing
different impedance values. If an object has a lower impedance value than other objects, then the object will
be represented in dark blue; the higher the object's impedance value, the brighter the color will be. Meanwhile,
objects with zero impedance values are represented in white.

Figure 2. Transversal section of the phantom in an aqueous chamber (a) normal bone in an acrylic tube and
(b) fractured bone in an acrylic tube

3. RESULTS AND DISCUSSION
3.1. EIT modul systems

The EIT system requires generator, VCCS, and band pass filter modules which must be made and
tested for performance before being installed as a single EIT system unit. Red pitaya's ability to produce a
signal generator was tested by connecting the OUT1 extension connector (pin in the STEMIab Red Pitaya
module as shown in Figure 1 to an oscilloscope with a sampling frequency variation from 100 Hz to 4 MHz.
The VVrms to frequency is shown in Figure 3.

1000
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Figure 3. Vrms of generated signals from Red Pitaya

Figure 3 shows that the Red Pitaya device can serve as a signal generator, producing sine signals from
0 Hz to 1 MHz. Given that the collected data’s frequency was 10 kHz, the Red Pitaya is suitable to be utilized
as a generator in the EIT system. The Vrms of the signals in several frequencies are stable and the signal
frequency of data collection was also included in that frequency.

VCCS is a current source that controls the incoming voltage to produce a constant and stable current
value. The VCCS circuit is built with OPA2134 components and four 1kQ resistors. The VCCS test determines
how consistent the current coming out of the circuit is to withstand a given load. The VCCS circuit used the
OPA2134, a dual op-amp IC where one op-amp was used as a buffer circuit, and the other op-amp was used
as a VCCS circuit. The resulting VCCS capability has the characteristics shown in Figure 4. The test results
for the VCCS circuit are shown in Figure 4. Loading of 100 Q to 1 kQ at a frequency of 10 kHz produced a
constant current of 0.78 mA, but a drastic decrease occurred when a frequency of 1 MHz was applied. The EIT
system is equipped with a bandpass filter to pass bandpasses within a specified limit range to improve data
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quality. Theoretically, this bandpass filter circuit has a cut-off frequency value of 1.59 Hz to 159 kHz. The
characteristics of the resulting bandpass filter are shown in Figure 5.

The test results of the signal had a stable output voltage in the frequency range of 5 Hz to 50 kHz,
which did not match the theoretical calculations; this was due to the tolerance values of the resistors and
capacitors used, which caused the test results to deviate from the desired expectations. However, the frequency
range still fell within the frequency range used in the EIT system, which is 10 kHz.

During the testing of the AD620 amplifier, variations in gain and frequency resulted in discrepancies
between the output voltage measured using an oscilloscope, and the calculated results from the system.
However, by adding a 10 kQ resistor on the RG IC AD620 pin, a significant gain of 5.94 was achieved. This
value was chosen because the test results for this gain produced a consistent and stable measurement that
matched the calculated results, unlike other gain values that produced inconsistent measurements.
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Figure 4. Characteristics of the resulting VCCS capability
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Figure 5. Characteristics of the resulting bandpass filter

3.2. Phantom making

The Phantom was composed of 3D printed bone from PLA with a bone height of 22 cm, a weight of
2.5 grams, and a diameter of 12 mm, which was placed in an acrylic tube 20 cm high and 5.8 cm in diameter
with 16 electrodes inside as shown in Figure 6. Figure 6(a) shows a regular and a fractured bone phantom made
of PLA by using 3D printing method, while Figure 6(b) shows the acrylic tube which was used as the chamber
to do the measurement the impedance and electrodes to supply current to the phantom. The phantom was
designed to represent the actual object, bone encased in flesh.

3.3. Data acquisition

Once each component has been tested, they were assembled into a single unit on a printed circuit
board (PCB). Overall testing of the device was carried out by taking data from the phantom that had been made.
The device started by generating a generator signal on the Red Pitaya. Then, the AC signal went to VCCS,
which controlled the input voltage so that the current coming out of the circuit was constant. After that, the
current from VCCS was sent to the multiplexer to be injected into the phantom electrode. The current injection
process was carried out sequentially from the 1%t to the 16" electrode. The voltage was also measured at two
adjacent electrodes when the current injection process occurred.
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The result of the voltage value measured by the two adjacent electrodes was then inputted into the
amplifier instrument on the positive input and negative input legs. The signal input on the AD620 IC was
reduced between the positive input and the negative input, and the reduction was amplified by 5.94x due to the
resistor value installed on the RG pin. This amplified the voltage signal coming out of the AD620 to a single
voltage signal. After amplification, the signal was filtered through a bandpass filter to remove noise. The final
results of the measurement data were then re-acquired by Red Pitaya and stored in the PC folder for
reconstruction later.

Data collection was carried out using the neighboring method. In this method, a current | was applied
to a pair of adjacent electrodes on the phantom, and then the voltage V was measured on each set of adjacent
electrodes alternately. After the surrounding voltage was measured, the current would move to the next pair of
electrodes; this process continued until 256 voltage measurement data were obtained [24]. Figure 7 shows the
EIT device during data collection.

@ (b)

Figure 6. The bone phantom and its configuration for EIT (a) 3D printing of fractured and normal bones and
(b) Acrylic tube and electrodes configuration

f Q RedPitaya
Module

SN

Figure 7. The data acquisition in EIT System

Data collection was carried out by filling the tube with water as high as 11 cm so the copper plate
electrode was submerged. Then water data was collected for a frequency of 10 kHz. Figure 8 shows phantom
data containing pure water, a normal bone in water, and a fractured bone in water at a frequency of 10 kHz.

Based on Figure 8, it can be observed that there are only minor differences in the data. Water data
were used as reference data to solve the finite element model by assuming water has homogeneous conductivity
and then calculating the water stress distribution [24]. The stress data resulting from 3D printing of normal
bone and fracture objects were entered into the program alternately and then solved with the inverse problem.
This process subtracted the water data from the 3D printed bone data so 3D printed bone and fracture
conductivity distribution images were produced. By analyzing the data difference between normal bone and
the fractured one, the fracture was detected. The color index on EIDORS showed the conductivity distribution
from high to low, with blue indicating low conductivity and red indicating high conductivity [25].

Conductivity refers to the ability of a material to conduct electric current and is related to the substance
contained in the material. PLA is a polymer made from lactic acid that can be used as a conventional plastic
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material. Because the test material used in this study was made from 3D printing bone from PLA, this material
has a slight ability to conduct electric current, resulting in a small conductivity value.

] —-

water-normal bone

e Water-crack bone

Voltage (Volt)
o
"

0 50 100 150 200 250
nth-data

Figure 8. The potential difference from water, 3D Bone in water, and 3D bone fracture in water at 10 kHz

3.4. Image reconstruction

The reconstruction was carried out with EIDORS software using a relative imaging method called
one-step Gaussian Newton [26]. To use this method, a hyperparameter value is needed to minimize image
noise and ensure adequate visualization of objects. In this study, a value of 0.001 was used. Water scan data
served as reference data, while 3D printing data of normal bone and fracture bone were used as object data.
Relative imaging techniques reduce the reference data to object data so that a reconstructed image is produced
close to the reference object, between reference data and object data, using the same frequency, 10 kHz.
Figure 9 shows the reconstructed images from 3D printing: i) a normal bone, ii) a 3D printing reconstruction
image of a fractured bone, and iii) an image of only the fracture reconstruction.

(b)

Figure 9. Comparison of image reconstruction results (a) 3D printed normal bone at 10 kHz, (b) 3D-printed
fractured bone at 10 kHz, and (c) Only 3D-printed fractured bone section at 10 kHz

Based on the results of the image reconstruction obtained, as shown in Figures 9(a)-9(c), it is evident
that a blue area in the middle indicates a smaller conductivity distribution value than the surrounding areas,
which are represented in yellow to red in the color index, indicating a more significant value. The color index
reflects the conductivity distribution. The phantom 3D printing of normal bones and fractures as a result of
reconstruction using EIDORS is represented in blue, indicating a smaller conductivity distribution than the
surrounding aqueous media with a higher conductivity distribution represented in yellow to red. The yellow to
red is noise from the measurement results, which can be caused by electrodes that are too small in the distance
and can also be caused by the possibility of other substances being mixed with water.

When reconstructing 3D-printed normal or fractured bone phantom using water reference data, both
exhibit the same conductivity range, indicated by blue Figures 9(a) and 9(b). The difference can be observed
based on the area of reconstruction as shown in Figure 10. The normal bone has an area of 3,132 pixels as
shown in Figure 10(a). In comparison, 3D reconstruction of imagery fracture bone has a size of 2,735 pixels,
as shown in Figure 10(b). Area measurements were performed using ImageJ software.
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(@ (b)

Figure 10. The image reconstruction area of (a) 3D-printed normal bone, (b) 3D-printed fractured bone

Based on the results of the image reconstruction carried out, it can be seen that the EIT built in this
study was capable of detecting differences between 3D printing of normal bone and fractures using a frequency
of 10 kHz. This result was from the previous study, which also used a frequency of 10 kHz [27]. Apart from
that, when the 3D printing of normal bones was reconstructed with the 3D printing of fractured bones, it
appeared that there was only part of the fracture. This result is also suitable with the previous studies which
investigated how to detect bone cancer [28] and plate composite [29]. For future exploration, it is better to use
bovine natural bone as a phantom or use a 3D printed-bone phantom but originating from bone-like materials,
such hydroxyapatite or B-tricalcium phosphate so that it can represent natural bone [30], [31].

4., CONCLUSION

The STEMLab Red Pitaya 125-14 module can be fully utilized to build an EIT system that works by
generating a signal generator, controlling the current injection process via the multiplexer, adjusting the voltage
measurement on two adjacent electrodes by the demultiplexer, and carrying out measurement data acquisition.
In this case, the pressure at the object being measured is in 3D printing of normal bone and fracture. The results
of image reconstruction using the EIDORS software from the EIT system have been made to distinguish
between normal and fractured bone. The 3D printing image reconstruction of normal bones and fractures has
a small conductivity, so it appears in blue in EIDORS. Additionally, the results of image reconstruction
between 3D printing bones and fractures have different shapes, with the best imaging results obtained at a
frequency of 10 kHz to distinguish between the two.
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