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Abstract

Polymethyl-methacrylate (PMMA)-based optical waveguide is a good candidate for a simple and low-cost
waveguide. However, the thermal properties have not been explored. The purpose of the work is to investigate the
thermal properties of PMMA-based waveguide. Waveguide fabrication process was done in three stages, which are
patterning the PMMA cladding, core material synthetization and core material application to the cladding. Core
pattern with cross section area of 1x1 mm? was engraved on the 4 cm long PMMA sheet. Unsaturated polyester
resin (UPR) was used as a core material. Characterizations were conducted for temperature dependent loss (TDL),
temperature working range, and long exposure durability. For TDL characterization, the temperature varied from
30°C to 75°C. Meanwhile, for temperature working range, the waveguide was exposed to cycled heating. The
thermal durability characterization was done by immersing the waveguide in distilled water at temperature of 40
°C for 288 hours. The results showed that a little change of output intensity occurred due to temperature variation
with TDL of 0.0235 dB/°C. The maximum limit of the temperature is 70°C. For long exposure to temperature of
40°C, the results showed that the waveguide has a good performance. It can be concluded that, for temperatures
below 70°C, the waveguide performance is not strongly affected by environmental temperature. Further research is
required to enhance its thermal stability and to further reduce temperature sensitivity.
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INTRODUCTION

Optical waveguide has been widely used in optical telecommunication and optical sensors
due to its advantages such as immune to electromagnetic interference, suitable for hazardous
environment, high resistance to bending, compact, reliable, and can be integrated in optical
integrated circuit [1]. In optical telecommunications, waveguides can be found in various
applications such as division multiplexer [2], [3], optical splitter [4]-[6], and optical switch [7]-
[9]. In optical sensor applications, waveguide has been used for gas detection [10], [11],
temperature sensor [12], and biosensor [13], [14].
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Despite its numerous advantages, waveguides also have certain limitations such as
fabrication complexity. The fabrication of optical waveguides can be complex and require
specialized techniques such as lithography [15], [16], etching [17], laser writing [18], deposition
[19] and three-dimensional microfabrication technique [20]. Complex fabrication techniques are
costly and time-consuming which limits the scalability and cost-effectiveness of waveguide-
based technologies. Moreover, optical waveguides can be sensitive to external factors such as
temperature. Due to thermo-optic effect, variations in temperature cause the change in
refractive index of the waveguide material which affects the light propagation. Therefore, it may
result in signal distortion and performance degradation.

A simple fabrication method was proposed by Hamid et.al [21] which used Polymethyl
Methacrylate (PMMA) and polyvinyl chloride as waveguide material. A groove with 0.6 x0.6
mm? cross sectional area was made on the PMMA sheet and then filled with photo-resist epoxy
resin. Characterization results showed that the waveguide has propagation loss of 2.54 dB/cm
at wavelengths of 1550 nm and 1310 nm. Other simple waveguide fabrication technique has
been proposed by using hot embossing technique with PMMA as the waveguide material
[22],[23]. The waveguide was fabricated by pressing a structured stamp on a heated PMMA
sheet at a temperature of 140°C. The PMMA waveguides have dimensions of H100 [m and work
at wavelength of 850nm for carbon diode sensor application.

Another candidate for a simple and low-cost waveguide has been proposed using PMMA
as cladding and Unsaturated Polyester Resin (UPR) as core material [24]. UPR material was
used since it has a higher refractive index value than PMMA. The waveguide was fabricated by
engraving the PMMA using Computer Numerical Control (CNC) engraving machine to make
a pattern of the core structure forming a trench. The trench with a cross section of 1x1 mm? was
then filled with UPR solution. The result showed that power loss is -7.89 dB. The waveguide
has a good potential for measurement of liquid refractive index since it uses visible light as the
source which minimize the absorption loss [25]. Characterization showed that the waveguide
has sensitivity to Refractive Index (RI) as high as -48.476 dB/Refractive Index Unit (RIU).

However, previous research has not specifically explored the combination of PMMA and
UPR in the context of the thermal stability of optical waveguides. Furthermore, detailed TDL
characterization and long-term thermal exposure tests across varying temperatures have not
been extensively covered. Existing studies have primarily focused on individual materials and
different fabrication methods, lacking the comprehensive approach taken in this research.
Investigating the thermal stability of waveguide is important since temperature might affect the
waveguide characteristics because of the thermo-optic nature.

In general, waveguides can work well at temperatures up to 85°C. However, after a
certain period of exposure to this temperature, the waveguides might experience attenuation.
Some waveguides can maintain their performance at 85 °C for up to 5000 hours of usage, while
some others can withstand to temperature of 90 °C and are still stable after 600-700 hours of
usage. Giinther, et al. [26] examined the effect of temperature on self-written waveguides
(SWW) made of polymer which were connected using a low-loss coupling structure and applied
to the self-writing process. The results show that SWW can be used as a sensor element capable
of detecting temperatures of +5°C. However, when the waveguide was exposed to temperature
of 60°C, the output intensity decreased. Therefore, it is important to investigate the effect of
temperature on PMMA waveguide performance as a candidate of a low cost and simple
fabricated waveguide. This study performs a comprehensive characterization of the thermal
performance of this waveguide, including measurements of temperature-dependent loss (TDL),
operational temperature range, and long-term thermal exposure.
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METHOD
Fabrication

Waveguide fabrication process was done in three stages, which are patterning the PMMA
cladding, core material synthetization and core material application to the cladding. PMMA
sheet with thickness of 2 mm and area of 4 x 2 cm? was used as the cladding. The PMMA was
then carved using a CNC machine forming a straight trench with cross section area of 1 x 1 mm?.
At both ends of the trench, a plastic optical fiber (POF) with a length of 17 cm was attached to
the PMMA. The waveguide structure prior to application of upper cladding is depicted in
Figure 1.
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Figure 1. Waveguide Structure Without Upper Cladding

Core material synthetization was done by mixing the UPR with Methyl Ethyl Ketone
Peroxide (Mepoxe) as a crosslinking agent with ratio of 400:1. The UPR solution was stirred
using magnetic stirrer at 60 rpm at room temperature until the UPR is perfectly dissolved. The
stirring was done slowly to avoid bubbles that might occur due to the stirring process. The
presence of bubbles could cause propagation loss thereby reducing the performance of the
waveguide.

The final fabrication step is filling the trench on the PMMA sheet with UPR solution. UPR
was poured slowly and gradually to avoid the formation of bubbles in the waveguide core. The
residue that was formed on top of the UPR layer was cleaned immediately before the solution
hardened using optical fiber sandpaper. The UPR was cured at room temperature for 24 hours.
After the UPR had hardened, the surface was smoothed using a cutter and P60 sandpaper. Then
the sample was re-sanded using acetone to flatten the surface before covering the top with un-
graved PMMA sheet which functions as the top cladding of the waveguide.

Characterizations

The characterization was carried out for TDL, the temperature working range, and the long
exposure durability. To provide uniform heat distribution along the waveguide, temperature
exposure was done in the heated distilled water. For TDL characterization, the temperature
varied from 30°C to 75°C. The input port of the waveguide was connected to a red LED with a
wavelength of 660 nm. The other end of the waveguide was connected to a photodiode and
multimeter, as shown in Figure 2.
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Figure 2. Characterization Set Up for TDL, Temperature Working Range and The High
Temperature-Long Exposure Effect

By recording the input and output voltage, the power loss (L) was obtained by using
equation (1)

L (dB) = |20 log log = (1)
where Vi is the input voltage, and Vo is the output voltage. For each temperature value, the
output voltage was recorded every ten 30 seconds until the value was stable, indicating that it
had reached the equilibrium state.

For the temperature working range characterization, the waveguide was exposed to cycled
heating. The temperature was raised up to the test temperature and then the temperature was
decreased back to the room temperature (25°C). The cycle was repeated for six test temperatures
namely 30°C, 40°C, 50°C, 60°C, 70°C and 80°C. Prior to the cycled heating, the loss at room
temperature was first measured to determine the initial loss (Li). The loss at room temperature
of each cycle is defined as the return loss (Lr). The upper limits of the temperature working range
is defined as the maximum temperature before L: is significantly deviated from L: which is
indicated by high ®L, where

L=1L,_L; (2)

The thermal durability characterization was done by immersing the waveguide in distilled
water at temperature of 40 °C for 288 hours. Temperature of 40°C was chosen since it is the
highest possible environmental temperature. The output voltage was recorded every 24 hours.
The waveguide performance was analyzed by plotting the loss vs exposure time. The maximum
exposure time is defined as the maximum duration at which the power loss is maintained by
investigating the loss performance. To further analyze the temperature effect to the core
material, the surface morphology and chemical content of the UPR was observed using
SEM/EDX prior and after the heating.
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RESULTS AND DISCUSSION
Prior to the characterization stage, the fabricated waveguide profile was observed using a
charged-coupled device (CCD) microscope. The image obtained from the microscope is shown

in Figure 3.
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As shown in Figure 3, it is observed that there is some dirt and a few bubbles observed
outside the waveguide core (signed by the red circles). The dirt might be exhibited from excess
dust and other residual particles which dissolved during the stirring process which were not
completely removed. Bubbles introduce discontinuities in the refractive index profile of the
waveguide. This mismatch in refractive index can cause reflection and scattering at the bubble
interface, leading to insertion losses.

Based on thermal properties of the POF which has an operating temperature up to 85°C,
the TDL characterization was done for the temperature range from room temperature at 25°C
to 80°C. The TDL was obtained by plotting the power loss vs temperature, as shown in Figure

4.
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Figure 4. Power Loss vs.
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As shown in Figure 4, the power loss in an UPR waveguide increases linearly with
temperature, with TDL of 0.0235 dB/°C. The value is comparable to that of bending plastic
optical fiber which is 0.011dB/°C [27]. However, the results were also affected by the fluctuation
of the environment temperature since the characterization set up was not isolated. Therefore,
the TDL value might decrease if the characterization is conducted in isolated system. The
increase of power loss is due to the decrease in the refractive index of the core as the temperature
increases as the effect of the negative thermo-optic coefficient. The refractive index of the core
is what determines the numerical aperture (NA) of the waveguide, and a lower NA means that
fewer modes of light can be transmitted, resulting in higher power loss [28]. For temperature
working range characterization, the results are shown in Figure 5.
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Figure 5. Power Loss of Waveguide Obtained During Cycled Heating Exposure to Determine
the Temperature Working Range

For temperature working range characterization, the results showed that the initial power
loss at room temperature (Li) is 12.88 dB, as shown in Figure 5. When the waveguide was
exposed to cycled heating up to 70°C, it was shown that, at each cycle, Ls were +0.06 dB.
However, when the temperature was increased to 80°C and then decreased back to room
temperature, the results showed that there was a significant increase in power loss. Therefore,
the upper limit of temperature working range of the waveguide is 70°C.

Waveguide that was damaged due to exposure to high temperature, was observed using
Scanning Electron Microscope (SEM) to observe the surface profile and the chemical contents.
The SEM image before and after high temperature exposure are shown in Figure 6.

(a) (b)
Figure 6. SEM image of waveguide core surface (a) before heated and (b) after heated up to
80°C
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Prior heating, the surface of the waveguide core is notably smooth and homogeneous, and
planarity as shown in Figure 6(a). There are no visible defects, cracks, or irregularities on the
surface which is characteristic of glassy materials[29]. The results agree well with that obtained
by Salemane et.al. [29-30]. Post-heating, the surface exhibits increased roughness, as shown in
Figure 6(b). This roughness can result from thermal expansion and contraction cycles that
induce stress within the material, potentially leading to surface deformation. There are
indications of microcracks or fissures, which are typical signs of thermal fatigue. These
microcracks can propagate under continuous thermal cycling, compromising the structural
integrity of the waveguide. The surface changes suggest that the material may be undergoing
thermal degradation. At 80°C, polymers or composite materials commonly used in waveguides
might start to exhibit signs of degradation, such as discoloration or a change in texture. When
heated, the UPR experiences mass loss which further results in decreased density [31-32]. The
mass decreased at a slow and steady rate as the temperature increased [33]. Moreover, the
waveguide also experienced thermal expansion when exposed to heat [34]. When the
temperature was decreased back to room temperature, the material was shrinking back.
However, due to the mass loss while heated, the core surface was no longer homogenous as
shown in Figure 6 (b). The core surface has been deformed and wrinkled. For chemicals content
of the heated waveguide, EDX examination was done. EDX results of the UPR before and after
heated are tabulated in Table 1.

Table 1. EDX results of UPR before and after heated up to 80°C

Element Before heated After heated

Symbol Atomic Weight Atomic Weight
Concentration Concentration Concentration Concentration
(%) (%) (%) (%)

C 69.74 63.37 79.04 73.9

O 30.26 36.63 20.96 26.1

After heating, both the atomic and weight concentrations of carbon (C) have increased
significantly, as show in Table 1. The atomic concentration and the weight concentration of
carbon increased. Conversely, the concentrations of oxygen (O) have decreased after heating.
The reduction in oxygen content could suggest a dehydration process, where water is driven
off, or a reduction reaction, where oxygen is removed from the material (possibly forming a gas
like CO or CO2 that escapes). The EDX analysis indicates that heating the material has
significantly increased the carbon concentration while reducing the oxygen concentration. This
suggests that the material undergoes a chemical transformation during heating, likely involving
the loss of oxygen, possibly through the decomposition of oxides or the release of gaseous
oxygen-containing species [35]. Decomposition typically leads to mass loss because lighter
components, especially gases, escape from the material [36]. For durability characterization, the
results show that the power loss value fluctuates as shown in Figure 7.
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Figure 7. Power loss during long temperature exposure time at 40°C.

The standard deviation of power loss during long temperature exposure is 0.17 dB, as
shown in Figure 7. The deviation occurred due to an error of the sensor system and heating
device. It can be seen that there is no significant decrease in power loss after being exposed at
40°C for 288 hours. Therefore, it can be concluded that this waveguide can be applied for a long
time at ambient temperature.

The obtained results confirm that the waveguide has good durability to thermal load.
Although the result has quite small fluctuation resulted from the noise of the sensor system, the
results also showed that it has a good thermal stability for application in temperature range of
25°C to 70°C. Therefore, the waveguide can be used for a long period under various
environmental temperatures. However, if the waveguide is used for liquid refractive index
sensor, temperature cross sensitivity should be considered since liquid refractive index is in the
low range of 1.33 to 1.36 [37]. Due to the narrow range of refractive index, a slight refractive
index measurement error leads to significant discrepancies in the realms of chemistry and
biomolecules. Hence, temperature compensation technique should be carried out.

One primary limitation of the research is the environmental fluctuations affecting the
accuracy of TDL characterization. This external temperature variation might have introduced
errors in the measurements. To further improve the study, isolating the characterization setup
to minimize these environmental influences is crucial. Additionally, future study could be
carried out in exploring other materials with better thermal stability and lower temperature
sensitivity to enhance the waveguide's performance. Implementing temperature compensation
techniques is also recommended to improve the accuracy and reliability of the waveguide in
precise applications, such as liquid refractive index sensing.

The findings from this research have significant implications in the field of Physics,
particularly in the development and application of polymer-based optical waveguides. The
study demonstrates that PMMA-based waveguides filled with UPR can maintain stable
performance across a range of temperatures, making them suitable to be used in various
environmental conditions. The findings are important for advancing low-cost and efficient
optical sensing technologies. Through demonstrating the thermal durability and highlighting
the limitations of the current waveguide design, this research sets the stage for future
advancements in optical materials and waveguide fabrication techniques.
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CONCLUSION

The research presented in this article explored the thermal durability of a simple optical
waveguide fabricated using PMMA and UPR. The study has successfully characterized the
TDL, temperature working range, and the long-term thermal exposure performance of the
waveguide. It was observed that the power loss in the waveguide increases linearly with the
temperature, with a TDL of 0.0235 dB/°C. This finding is significant as it quantifies the
relationship between temperature and waveguide performance, which is crucial for practical
applications where precise optical transmission is required. The waveguide was found to
maintain its performance up to 70°C, beyond which significant degradation occurs, particularly
noticeable at 80°C. This result determined a clear operational temperature range for the
waveguide.  Additionally, the long-term exposure tests at 40°C demonstrated that the
waveguide showed stable performance over extended periods, confirming its potential for use
in environments with fluctuating temperatures. In conclusion, the UPR-PMMA-based optical
waveguide exhibits good thermal durability, maintaining stable performance up to a defined
temperature threshold and during long-term thermal exposure. While there are some
limitations related to environmental fluctuations, the overall findings showed the potential of
these waveguides for cost-effective and reliable use in optical communication and sensing
applications. The potential development of these findings for future research lies in the
exploration of new materials and techniques to enhance the thermal stability and reduce the
temperature sensitivity.
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