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Abstract

Hyperbilirubinemia is a condition of a high bilirubin level in
newborns causing a yellowish color on newborns’ skin and sclera. One
of the treatment methods commonly used for hyperbilirubinemia is
phototherapy in which newborns are exposed to wvisible light,
especially within the green-blue spectrum. This study aimed to design
a prototype of a portable phototherapy unit for newborns with
hyperbilirubinemia. The phototherapy unit was designed by using a
Surface Mounting Device Light Emitting Diode (SMD LED) with a
wavelength of 400-520 nm as a light source which was attached to a
fabric inside a box made of acrylic. The SMD LED strips were
arranged with a spacing of 5 cm between the SMD LED arrays. The
system was equipped with a monitoring system using SHT11 as a
temperature and humidity sensor as well as a timer to adjust the
duration of exposure and the LCD. The prototype was tested by
irradiating various concentrations of artificial bilirubin solutions
with a blue light produced by the phototherapy unit. The results show
that the system can reduce the concentration of artificial bilirubin
solution with an average reduction of 30.8%. The system shows the
potential to be used as a portable phototherapy unit, further
improvement on the efficacy, safety, and comfort of the unit is
required.

Copyright (c) 2025 by Author(s), This work is licensed under a Creative
BY SA

Commons Attribution-ShareAlike 4.0 International License.

Introduction

Hyperbilirubinemia is a condition commonly found in infants, where high-level bilirubin
accumulates in the skin layers and mucous membranes. The buildup of bilirubin causes a
yellowish color on the newborn’s skin and sclera [1], [2]. Hyperbilirubinemia is mostly found
in pre-term babies, although the condition can be also found in full-term babies [2]. The
severity of hyperbilirubinemia depends on the bilirubin level, however, if it is left untreated
might cause permanent damage in the central nervous system, known as kernicterus [3]. The
total bilirubin serum (TBS) of > 12 mg/dL indicates a significant hyperbilirubinemia, the TBS
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of 2 20 mg/dL indicates severe hyperbilirubinemia, and the TBS of > 30 mg/dL indicates a
hazardous hyperbilirubinemia [4].

The most common method used to treat hyperbilirubinemia is phototherapy [5], [6], [7], [8].
The treatment makes use the visible light within the green-blue spectrum to reduce the
bilirubin level in newborns. Light exposure triggers the transformation of unconjugated
bilirubin which is toxic to its non-toxic isomer. The change of bilirubin structure enables the
excretion of an excessive amount of bilirubin from the body without further processes in the
liver [5]. Phototherapy equipment usually is available in hospitals to treat newborns.

Four factors determine the success of phototherapy. The first factor is the spectral quality of
the light source used in the treatment. The light source used in the phototherapy should have
a wavelength interval from 400 nm to 520 nm, with a peak of 460+10 nm [5], [9]. The next factor
is the light intensity produced from the light source. The minimum intensity required for
intensive phototherapy is 30 pW/cm2/nm [5]. The distance of the light source to the baby’s
skin also determines the success of the phototherapy. As the distance gets closer, the light
intensity received by the baby is higher, therefore the reduction of bilirubin level is also higher.
The last factor is the area of the baby’s skin surface exposed to the light. The larger area of the
baby’s skin exposed to the light the reduction of the bilirubin level is higher [10].

The phototherapy units are available as a conventional phototherapy which uses an overhead
light source and a biliblanket which offer a portable phototherapy. The selection of light source
in the phototherapy unit is important part determining the success of the phototherapy for
hyperbilirubinemia treatment. The light source commonly used in the conventional
phototherapy is a halogen lamp or fluorescent tube [11]. However, the halogen lamp has the
disadvantage of causing excessive heat, therefore should be placed at a certain distance from
the baby to prevent skin burn [5]. A fluorescent tube lamp can maintain a stable temperature
but should be placed closer to the baby to be effective. Another issue with these light sources
is the need to frequently replace the light to maintain required light irradiance [10]. Biliblanket
is one form of the portable phototherapy unit, enabling it to wrap the baby’s body, therefore
the mother could breastfeed the baby during the phototherapy procedure [12]. The light is
produced by a tungsten-halogen bulb and delivered to baby’s skin through a cable into a
transparent pad containing fiberoptic fibers. The drawback of the biliblanket is it has a low
level of irradiance and, therefore should be combined with conventional phototherapy [5].
Light emitting diode (LED) lamp is another alternative light source for the phototherapy unit,
offering the advantages of avoiding overheating production and having a longer duration of
use [10], [13], [14], [15].

In Indonesia, the occurrence of hyperbilirubinemia in newborns is relatively high [16]. This
condition is one of the factors causing high mortality rate in neonates. Sampurna et al. (2019)
reported that phototherapy for hyperbilirubinemia treatment in Indonesia is less effective due
to the low level of irradiance given to the baby during the phototherapy. Lack of access to
phototherapy treatment is another factor causing a high mortality from hyperbilirubinemia,
which is similar to the condition in other developing countries due to remote location and the
high cost required for phototherapy treatment [17], [18]. This situation gets even worse in the
COVID-19 pandemic, where people minimize their visits to the hospitals as almost all of the
hospitals are used for Covid 19 treatment [19]. This shows the importance of the availability
of the phototherapy unit which can be used at home therefore the newborns with
hyperbilirubinemia could be treated quicker without separating the baby from the mother. It
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requires a compact, long-life, and cheap light source enable for a portable design of the
phototherapy unit and reducing the cost spent for the treatment.

Previously, we have investigated the blue light emitted from the fluorescence light tube [20].
However, its bulky size is unsuitable for portable phototherapy unit. The LED seems to be
more promising and potential to be used as a light source in a portable phototherapy. The use
of LED for hyperbilirubinemia treatment has been explored in several studies. There are some
commercial LED-based phototherapy units such as PTV300 (MTTS, Hanoi, Vietnam), Lullaby
(GE Healthcare, Maryland, USA), and Firefly (MTTS, Hanoi, Vietnam) [10]. However, these
devices used a LED bulb type. This work aims to design a portable phototherapy unit based
on a surface mounting device light emitting diode (SMD LED). The SMD LED offers a small
and flat chip, thus easily mounted onto a circuit board. A previous study by Addi et al. [17]
made use the SMD LED for portable phototherapy, however the dimension size in their design
was relatively small which were 4 cm x 4 cm which might not adequate for severe
hyperbilirubinemia or bigger size of newborns. Therefore, this study will further explore the
use of SMD-LED as a light source in a cheap portable phototherapy to be used in home
treatment for neonatal jaundice.

Experimental Method

Materials. The materials used in this study could be classified into materials for the
phototherapy unit, materials for the monitoring and control systems, and materials for
testing. The main materials for the phototherapy units were light source to produce blue light
and the box to place the object that would be irradiated by the blue light. The light source
used in this study was SMD LED 5050 strips, due to its ability to produce a blue light with
the suitable wavelength ranges for hyperbilirubinemia phototherapy (i.e, 400 - 495 nm). In
addition, this SMD LED strip offers a smaller size compared to the regular LED and a brighter
light as well as cheap, compact, and widely available. The SMD LED are designed to be
mounted directly onto surface of material. A single SMD LED produce around 18-22 lumens.
The SMD LED have a wide beam angle, around 120 degrees. The spectrum of blue light
emitted from the SMD LED strips was measured using a Firefly 4000 spectrometer
(Photontec, Berlin) to investigate the peak wavelength.

For the monitoring and control systems, the materials used were SHT11 as the temperature
and humidity sensor, RTC DS1307 as the timer, step-down LM2596 to divide the voltage,
Arduino Mega 2560 microcontroller for the signal processing, keypad, and LCD screen for
the display. The SHT11 sensor was selected due to its high accuracy, compact size, fast
response time and low power consumption. It delivers a digital output, simplifying
integration with microcontrollers and other digital systems. It has a wide range of humidity
measurement from 0% to 100% relative humidity (RH). It has an accuracy of 3% RH. It has
12-bit digital resolution and approximately 8 seconds for a 63% change in humidity. The
range of temperature measurement is from -40°C to +123.8°C, typically +0.4°C accuracy, 14-
bit digital resolution, allowing for precise temperature readings.

The materials used for testing were methyl red powder and acetic acid to prepare the artificial
bilirubin solution, and 10 ml reaction glass tubes with seal.

System Design. The design of the portable phototherapy unit consisted of the hardware and
software designs of the system. The hardware design included the development of a timer, a
temperature and humidity sensor circuit, and ancillary components such as an LCD screen,
keypad, step-down LM2596, and RTC DS1307 as a whole integrated system. The SMD LED
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used a voltage of 12 V. The SMD LED strip consumes 14.4 W/m, with a total length of 3.84
meter, the current drawn by the SMD LED was a 4.6 A. The step-down LM2596 was used to
divide the voltage to 7 V. RTC DS1307 was used as a timer to adjust the duration of the
treatment. The block diagram of the temperature and humidity monitoring system is shown
in Figure 1.

The software design included the development of a monitoring and control system program
to monitor the temperature, humidity, and duration during light exposure in the portable
phototherapy box. Arduino was used to process the signal from the SHT11 sensor to be
displayed on an LCD screen with a dimension of 20 cm x 4 cm. The set point for the
temperature was 35°C. The buzzer was added to the system to create a warning system when
the temperature inside the phototherapy unit exceeded 35¢ C.

Input Microcontroller Qutput
Sensing elements Display
N\
Keypad LCD Display
Input Time duration of Temperature and
Exposure y Microcontroller Humiditv
Arduino Mega 2560
~
Temperature and |
Humiidity Sensor — i Buzzer Alarm
SHT11
vy

Figure 1. Block diagram of the system

The phototherapy unit was designed in a box made of acrylic with a dimension of 32 cm x 20
cm x 20 cm (Figure 2). The thickness of acrylic was 8 mm. The acrylic was used because it is
easier to handle than glass. The SMD LED strips were attached to a reflective fabric sheet with
a distance of 5 cm between the LED strips. The use of reflective fabric aimed to optimize the
irradiance to the sample by using the reflected blue light. There were 3 LEDs in every 5 cm
length of the strips. The SMD LED strips were then placed in the inner side of the acrylic box
with two openings in the front and back of the box, thus all the inner sides of the box were
covered by the SMD LED strips. There were three rows of the SMD LED strips for each side
resulted in a total of twelve LED strip rows in the inner side of the box.

System Testing. The unit was tested to ensure each part of the system functioned properly.
The unit was also tested by exposing various concentrations of the artificial bilirubin solution
made of methyl red powder and acetic acid to blue light emitted from the SMD LED light
source for 90 minutes. This method was adopted from the study by Addi et al [15]. The
artificial bilirubin was used since it has a great absorbance at the range of 400 nm to 550 nm,
similar to the real bilirubin serum. The concentrations of the artificial bilirubin solution were
5,10, 15, 20 and 30 mg/dL to mimic various severity levels of hyperbilirubinemia. In order to
create a 5 mg/dL solution of artificial bilirubin solution, 5 mg of methyl red powder was
dissolved in 1 dL of acetic acid [17]. The increase in the concentration of solution represents
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an increase in severity of the hyperbilirubinemia. The control solution was made from acetic
acid only. The sample was placed at distance of 10 cm from the upper and the bottom of the
box to ensure optimal irradiance from the light sources at the upper and lower sides. The
illuminance of the blue light at this distance was measured using a luxmeter.

The absorbances (A) of the sample solution before and after irradiation were calculated using
the Lambert-Beer Law (1) to evaluate the effect of the blue light to the solution during
irradiation. The incident intensity (Io) and the transmitted intensity (I) were measured using
the Firefly 4000 spectrometer (Photontec, Berlin).

A= 1og1o() M)

To evaluate the effect of duration time to the temperature and the humidity within the unit,
the duration of light exposure was varied from 30 to 120 minutes. The temperature and the
humidity detected by the SHT11 sensor were recorded.

SHT 11

]

Artificial Bilirubin

Solution \

SMD LED

Sample Holder /

RTC
Arduino Keypad

DC Power Supply — 1m2596

(b) (©)
Figure 2. The prototype of the phototherapy unit based on SMD-LED. a) The
schematic of the phototherapy unit, b) The phototherapy unit when the LED is
switched off, c) the phototherapy unit when the LED is switched on.
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Results and Discussion

The spectrum of blue light emitted from the SMD LED strip is shown in Figure 3. The spectrum
of blue light ranges from 400 - 520 nm, with a peak wavelength of 450 nm. This value has met
the requirement for hyperbilirubinemia treatment, which is suggested by Stokowski (2011) the
effective light source should have wavelength between 400 - 520 nm with a peak of 460+10
nm. The peak wavelength of the SMD LED strip used in this study is close with the dominant
wavelength of the LED bulb used in the commercial LED-based phototherapy such as Lullaby
and Firefly [10].

The exposure of the artificial bilirubin solutions to the blue light placed at 10 cm from the
bottom of the box for 90 minutes shows a change in the absorbance of the solution as shown
in Table 1. The illuminance of the blue light at this distance is 14300 lux. It shows that there is
a reduction of the absorbance of the solution after being exposed to the blue light emitted from
the designed phototherapy unit. The average reduction of the solution absorbance is 30.8%,
with the highest reduction is observed in the solution with the concentration of 20 mg/dl.
However, it should be noted that in this study the unit was only tested for the artificial
bilirubin solution. The results might be different for the real bilirubin sample or the real
patients. Since this study is still a pre-liminary study, it was not designed to be tested to the
real patients. The optimization of the unit design is still required before it can be tested to the
real patients.

— SMD LED

— Baseline of "Intensity”™
15000 4 450 Peak Centers of "Intensity”
Base Markers of "Intensit

10000 4

5000

Intensity (counts)

T T
400 450 500 550
Wavelength (nm)

Figure 3. The spectrum of blue light emitted from the SMD LED. The
wavelength ranges from 400 - 520 nm, with a peak wavelength of 450
nm.
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Table 1. The exposure of the blue light from the phototherapy unit to the
artificial bilirubin solutions.

Concentration Absorbance Absorbance Difference (%)
of ABS (mg/dL) before after irradiance
irradiation

0 0.24 0.13 45.8

5 0.40 0.36 10.0

10 0.38 0.28 26.3

15 0.53 0.45 15.1

20 0.82 0.27 67.1

30 0.89 0.71 20.2

ABS: Artificial bilirubin solution

The selection of artificial bilirubin solution concentration from 5 to 30 mg/dL is to represent
the severity level of the hyperbilirubinemia, as mentioned by Olusanya et al. (2018). The
severity of the hyperbilirubinemia can be classified into significant hyperbilirubinemia with a
total serum bilirubin (TSB) 2 12 mg/dL, severe hyperbilirubinemia with a TSB of 220 mg/dL,
extreme hyperbilirubinemia with a TSB of TSB > 25 mg/dL, and hazardous or critical
hyperbilirubinemia with a TSB of =30 mg/dL.

Table 2 presents the recorded temperature and humidity in the phototherapy unit during the
blue light irradiation at various durations of exposure. The temperature tends to increase as
the exposure duration increases from 27°C to around 33°C, however, the temperature is still
below the set point of 35°C. A longer exposure duration causes a decrease in humidity within
the phototherapy unit. The humidity drops to 67% after 30 minutes exposure and continues
decreasing to 55.8% after 120 minutes exposure. The change in the humidity is not obvious
after 60 minutes of exposure, as shown in Table 2.

Table 2. The temperature and humidity in the phototherapy unit during
blue light irradiation.

Duration (minutes) Temperature (°C) Humidity (%)
0 27.2 72.8
30 31.5 67.0
60 33.6 55.0
90 32.9 56.5
120 32.8 55.8

The reduction of bilirubin level obtained in this study is slightly higher compared to the result
reported by Addi et al. [17]. In their study, they used LED as phototherapy garment which
was attached directly to the object. It means there is no distance between the LED and the
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object. They reported that the reduction of artificial bilirubin solution concentration after 60
minutes LED’s blue light irradiation ranged from 11.81% to 37.18%, for 30 mg/dL
concentration of sample and 5 mg/dL concentration of sample respectively. In their study, as
the concentration higher the reduction of the artificial bilirubin become smaller. In our study
the temperature of the phototherapy is relatively stable although the duration increases,
because there is two opening for heat transfer between the air inside the box with the air from
its surrounding. The presence of the buzzer in the control system is aimed to give a warning
alarm if the temperature inside the box exceeds 35°C, so the LED light will be automatically
turned off and the irradiation will be stopped.

The developed portable phototherapy in this study shows the potential of using the SMD LED
as the light source in a phototherapy treatment for hyperbilirubinemia. Its compact design
makes it easy to adjust with the phototherapy unit. The advantages of using SMD LED are
compact design and reduction of the excessive heat produced in the phototherapy unit
compared to over-head conventional phototherapy unit. Therefore, the SMD LED-based
phototherapy unit is suitable to be used for home phototherapy settings, offering a cheaper
hyperbilirubinemia treatment than hospital-based hyperbilirubinemia treatment. A study by
Zanardo (2022) shows that home phototherapy using LED-based phototherapy transmitted to
a small lighting area is effective, enabling a strong bond between the mother and the infants
[19]. This is because phototherapy treatment in a hospital usually separates the mother and
the infant, limiting the interaction between the two [6]. This situation is also relevant in low
and middle-income countries such as Indonesia where access to medical facilities such as the
phototherapy unit is limited, as well as implemented in Ethiopia [18]. The development of the
portable phototherapy unit might contribute to reducing the death number of infants due to
hyperbilirubinemia by treating the infant in their own home, offering a lower price and a more
convenient treatment for the family. Although phototherapy using natural sunlight also
recommended being used in low and middle-income countries [3], the broad spectrum of
natural sunlight contains ultraviolet light which is dangerous for the skin of newborns.
However, the improvement of the design is still required to ensure comparable efficacy and
safety of this designed phototherapy with the commercial phototherapy units.

The mechanism of bilirubin reduction from blue light is due to the absorption of the blue light
by the bilirubin, causing a transformation of a toxic unconjugated bilirubin to a non-toxic
conjugated bilirubin. The conjugated bilirubin is water soluble and can be excreted from the
body through the stool and urine without further processes in the liver. The mechanism has
been explained by Stokowski (2011) [5]. The process of phototherapy involves the absorption
of light by bilirubin molecules, leading to two main photochemical reactions. Initially, native
47, 15Z-bilirubin transforms into 4Z, 15E-bilirubin, also known as photobilirubin, along with
lumirubin. Unlike its precursor, photobilirubin can be eliminated through the liver without
conjugation, albeit slowly and with reversible conversion back to native bilirubin in the
absence of light. Lumirubin, however, undergoes irreversible conversion. Despite its lower
formation rate compared to photobilirubin, lumirubin is cleared more rapidly from the
bloodstream, likely being the primary factor behind the decrease in serum bilirubin during
phototherapy. Additionally, a fraction of native bilirubin is oxidized into monopyrroles and
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dipyrroles, which can be excreted in urine, although this process is relatively slow and
contributes minimally to bilirubin elimination during phototherapy.

The effectivity of bilirubin reduction from the phototherapy treatment is highly dependence
on the intensity of the blue light emitted from the light source. The use of a halogen lamp in
conventional phototherapy usually should be kept at a certain distance from the baby’s skin
due to the excessive heat produced might cause damage to the baby’s skin as well as
dehydration [21]. The use of LED as a light source has been reported to minimize the heat
produced during the treatment and is effective in reducing the bilirubin level [14]. To speed
up the rate of bilirubin reduction, the intensity of the light source should be increased. It can
be carried out by reducing the distance between the light source and the baby’s skin or by
adding more light sources. A study by Arnolda et al. (2008) comparing commercial single and
double-sided LED phototherapy machines shows that the double-sided LED phototherapy
unit increases the speed of total bilirubin serum reduction and shortens the treatment duration
compared to the single-sided LED phototherapy unit [10]. In their study, they also increased
the exposure area, causing more skin area exposed to the blue light, thus speeding up the
decline of the bilirubin level. Another alternative to increase the intensity of the light received
by the baby’s skin is by using a reflective material placed on the side of the phototherapy units
[22]. In our study, we used reflective fabrics placed on all inner sides of the treatment box, thus
the intensity of the blue light in the box increases.

Although phototherapy has been widely adopted as the first treatment option for neonate
hyperbilirubinemia, it also has adverse effects that need to be monitored regularly. As
described by Shoris et al., the effects of phototherapy include hyperthermia and dehydration,
hypocalcemia, hematologic effects, sleep disturbances, and hemodynamic change [21]. Even,
the use of LED-based phototherapy has been also reported to cause hypocalcemia in treated
babies [23]. The fiberoptic-based phototherapy might be used as an alternative to minimize the
side effects of conventional phototherapy [24], [25], [26].

The developed prototype of the portable phototherapy unit in this study shows potential to be
used in hyperbilirubinemia treatment. However, this study has several limitations that
requires a further improvement and development in the future. First, this study only measured
the illuminance of the blue light using a lux meter and not measured the irradiance of the blue
light produced from the SMD-LED since the specific tool to measure the irradiance (i.e.,
radiometer) was not available. Second, the dimension of the box needs to be adjusted
accordingly to give enough space for the treated infants during the treatment as the current
design is too small for the placement of the real infants. The spacing of the SMD LED strips
also needs to be investigated to obtain the required irradiance level without producing
excessive heat within the unit. Lastly, since in this study the developed phototherapy unit was
only exposed to the artificial bilirubin solution, exposure to the real bilirubin serum study
might produce different results. Once the design has been matured, it opens the possibility to
perform unit testing for the real patients.
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Conclusion

The prototype of a portable phototherapy unit based on the SMD LED equipped with a
temperature and humidity monitoring system has been developed. The blue light emitted by
the SMD LED has a peak wavelength of 450 nm fulfilling the criteria to be used in the
phototherapy of hyperbilirubinemia. The testing of the developed phototherapy unit can
decrease the absorbance of the artificial bilirubin solution by 30.8% on average. However,
turther development of the system is required to improve the performance of the portable
phototherapy to ensure the wunit produces the required phototherapy dosage for
hyperbilirubinemia treatment. In addition, the future development also can be focused on the
safety and comfort of the designed phototherapy unit to be used in the real treatment situation.
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