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Highlights

o Aflexible silver-PVA microheater was fabricated, achieving a rapid heating response up
to 160°C at 1.50 V, with a stable temperature over extended periods.

e Using an innovative combination of surface modification ion exchange (SMIE) and
doctor blade deposition, the patterned heating electrode (293-2998 um wide, 28 pum
thick) demonstrated superior adhesion and enhanced stability.

e The SMIE method significantly improved adhesion, thermal stability (TGA shows
decomposition temperature up to 620°C), and mechanical reliability (maintaining
resistance with <1% change after 5000 bending cycles).

e SEM and EDS analyses revealed a highly uniform distribution of silver particles,
reducing porosity at higher voltages, leading to enhanced electrical and thermal
conductivity.

e The developed microheater presents a cost-effective, scalable, and adaptable solution
for disposable and flexible biomedical and electronic applications.
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Abstract

The development of flexible, reliable, and cost-effective microheaters is critical for applications requiring
precise thermal management. This study presents a novel approach for fabricating flexible silver
microheaters using a solution-based polyimide metallization process. By integrating the surface
modification ion exchange (SMIE) method with electronic craft cutting, we enhanced electrode adhesion
and achieved consistent pattern quality, making the fabrication process more accessible and scalable.
The heaters demonstrated excellent thermal properties with a high decomposition temperature of 620°C
and enhanced thermal stability. Thermal characterization using thermogravimetric analysis and
differential scanning calorimetry confirmed improved stability, whereas heating performance evaluation
showed consistent temperature regulation. The heating performance tests showed rapid temperature
increases, achieving approximately 160°C at 1.50 V and stable temperatures maintained for 60 min
under continuous operation. Elemental composition and surface morphology analyses revealed a uniform
distribution of silver particles and decreased porosity at higher voltages, enhancing electrical and
thermal conductivity. X-ray Diffraction analysis confirmed increased crystallinity at higher voltages,
which was correlated with improved material quality. The mechanical durability tests indicated that the
heaters could withstand over 5000 bending cycles without significant performance degradation,
confirming their robustness for flexible applications. This approach presents a scalable, low-cost
alternative to traditional microheater fabrication, opening new opportunities in wearable electronics and
point-of-care diagnostics.

Keywords: flexible microheaters; polyimide metallization; surface modification ion exchange.

1. INTRODUCTION



Journal Pre-proof

The integration of microheaters into modern microfluidic devices enables precise temperature
control in small, confined spaces—crucial for applications such as detectors, sensors, thermal therapy, and
tumor ablation (Andreozzi et al., 2022; Gu et al., 2021; Irwansyah et al., 2021; Li et al., 2022; Lischer et
al., 2021). In life science-on-chip applications, micro heating modules play an essential role in tasks like
culturing cells (Whulanza et al., 2014), drug delivery (Nadhif et al., 2017), droplet encapsulation
(Whulanza et al., 2023), and DNA extraction (Josephin et al., 2024). Additionally, precise temperature
control is indispensable for accurate nucleic acid amplification testing (NAAT), making reliable
microheaters a key component in these devices (Kitagawa et al., 2020; Roberts et al., 2021; Y. Zhang et
al. (2020).

Traditionally, microheater fabrication relied on classic microfabrication techniques such as
photolithography and thin-film deposition of metals such as platinum, copper, and titanium onto
polymeric substrates. While these methods yield high-performance microheaters, they are often time-
consuming, costly, and require specialized cleanroom environments, limiting their scalability and
accessibility (Al-Mohsin et al., 2022; Charmet et al., 2020). The high production costs and complexity
make it difficult to scale up conventional microheaters for mass production.

Recently, there has been a shift toward more accessible fabrication methods, such as printing
techniques and mechanical patterning. These new approaches aim to democratize microheater production
by reducing the need for specialized infrastructure, thus making the fabrication process more cost-
effective, adaptable, and scalable (Solangi et al., 2024). Despite these advancements, challenges remain—
particularly concerning the durability of microheaters under extreme conditions, such as repeated thermal
cycling or long-term use, which can lead to performance degradation or device failure (Barman et al.,
2018; Byers et al., 2020; Qaiser et al., 2023; Wang et al., 2019). A significant issue here is the mismatch
between the thermal expansion coefficients of the microheater and the polymeric substrate, which
generates shear stress during heating cycles. This stress can cause delamination and breakage of the
microheater (Aleksandrova et al., 2024; Yan et al., 2017). Additionally, the lack of flexibility in the
microheaters of many existing microfluidic devices complicates their integration into miniaturized
devices (B. Lee et al., 2023; Wang et al. (2019).

To address these issues, the improvement of adhesion between the metal electrodes and the
polymeric substrate through polymeric metallization was explored. The surface modification ion
exchange (SMIE) method, which enhances adhesion by exchanging the surface atoms of the polymeric
substrate with those of the deposited metal, has shown promise. However, the resulting electrodes often
lacked the desired thermal stability (Hou & Zhang, 2018; N. Zhang, Huang, Wan, Kang, et al., 2019; Q.
Zhang et al. (2023).

In this study, we address these reliability challenges by integrating a silver nanocomposite with
the SMIE method. This approach, combined with polyimide metallization, not only improves electrode
adhesion and ensures consistent pattern quality, making it an ideal solution for developing flexible
microheaters. The resulting nanocomposite microheater exhibits precise temperature control and
maintains stability during long-term use and thermal cycling even after repeated bending. Additionally,
we introduce the use of electronic craft cutters for electrode patterning, which is more cost-effective and
accessible than inkjet printing. Overall, our study presents a practical and straightforward process for
fabricating high-quality flexible microheaters, which have the potential for use in various portable
biomedical applications requiring reliable heat management solutions.

2. MATERIALS AND METHODS

2.1 Flexible Microheater Preparation

A polyimide (PI) substrate (DuPont, Delaware, USA), measuring 25 x 75 mm was immersed in a
4 M KOH solution (Sigma Aldrich, Saint Louis, USA) for 210 min to cleanse and activate its surface.
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Subsequently, it was meticulously rinsed with deionized (DI) water to eliminate any remaining KOH or
other impurities that could disrupt the following procedures. The Pl substrate was then immersed in a
0.02 M AgNO; solution (Sigma Aldrich, Saint Louis, USA) for 30 min to deposit silver ions onto its
surface, which were converted to metallic silver (Figure 1 step 1-4).

The microheater patterns were fabricated using an electronic craft cutter (Silhouette Portrait 3,
Utah, USA) on a sticker sheet (Oracal, Oranienburg, Germany). The parameters of the electronic craft
cutter were carefully adjusted to achieve high-precision patterns, which perfectly aligned with the pre-
designed layout. The patterned sticker is carefully aligned and applied to the PI substrate, ensuring
accurate positioning (Figure 1 step 5-6).

The PI substrate was placed on the sticker and then immersed in 0.5 mM NaBH, solution (Sigma
Aldrich, Saint Louis, USA). This process involves the reduction of absorbed silver ions, resulting in the
formation of a metallic silver layer that creates a conductive layer on the Pl substrate (step 7).
Subsequently, the doctor blade technique is employed to uniformly distribute our nanocomposite mixture
(Ag-PVA 30%) over the patterned surface (step 8). PVA was purchased from Sigma-Aldrich (Darmstadt,
Germany), and Ag in silver ink was purchased from MJ Chemical (Jakarta, Indonesia). This step results
in the formation of a polyimide microheater after peeling away the sticker pattern.
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Figure 1. Preparation of a silver microheater on a flexible polyimide substrate using a combination of
SMIE and doctor blade deposition

2.2 Flexible Microheater Characterization

The performance and characteristics of flexible silver heaters were evaluated using
complementary characterization methodologies and categorized into multiple groups:

Geometry Characterization: The width of the electrodes was determined using a Dinolite
AMA4113 calibrated digital microscope (Anmo, New Taipei, Taiwan). An Accretech Surfcom 2900SD3
(Seimitsu, Tokyo, Japan) was used for the thickness and contour analysis.

Heating Performance Measurement: Joule heating was used to assess the heating capacity of the
silver heater. The heater was linked to a DC power source (GW Instek, Taipei, Taiwan) to produce heat,
and the temperature variations were measured in real time. The data were collected using a thermocouple
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(TDK Electronics, Munich, Germany) linked to a National Instruments NI-USB 6001 module (Austin,
TX, USA) within a four-channel data gathering system. Additionally, the temperatures recorded by the
thermistors were corroborated using an infrared camera (FLIR Thermovision A320, Santa Barbara, CA,
USA).

Thermal Properties and Stability: Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA) were employed to assess the thermal characteristics and stability,
utilizing a Perkin Elmer DTA 4000 instrument (Waltham, MA, USA). Samples weighing approximately
15 mg were subjected to heating from ambient temperature to 800°C in a nitrogen environment at a flow
rate of 30 mL/min.

Elemental Composition and Surface Morphology: The surface morphology and elemental
composition of the heaters were analyzed using a Phenom ProX Desktop Scanning Electron Microscope
(SEM) integrated with Energy Dispersive X-ray Spectroscopy (EDS) from Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA. The porosity of the silver-PVA microheater was determined using image
analysis techniques applied to Scanning Electron Microscopy (SEM) images. The SEM images were
processed using ImageJ software. Grayscale images were first converted into binary format via Otsu’s
thresholding method to differentiate the silver matrix from the voids. The porosity percentage was then
calculated as the ratio of the total pore area to the total analyzed electrode area.

Bending Characterization: The mechanical endurance and flexibility of the flexible heaters were
evaluated by subjecting the substrates to numerous bending cycles using the mechanical dynamic testing
apparatus Hung Ta HT-9501 (Taichung City, Taiwan). Resistance variations were quantified using the
four-point probe technique during the bending cycles to evaluate the durability and dependability of the
heaters.

Statistical analysis: This analysis was conducted to verify the reliability and reproducibility of the
results. The essential procedures were gathering methodical data on temperature, resistance, and porosity,
which were documented with precision. Descriptive statistics, such as mean, standard deviation, and
confidence intervals, were computed for all measured parameters. Analysis of variance (ANOVA) was
employed to evaluate the performance of heaters under various conditions, subsequently using Tukey’s
test to discern significant differences among distinct groups. The statistical study used Python 3, ensuring
precise and thorough data interpretation. This study aims to comprehensively assess the efficacy of
flexible silver microheaters and their appropriateness for biological applications through the use of
various approaches and instruments.

3. RESULTS AND DISCUSSIONS
3.1 Geometry Characterization

Figure 2a illustrates the realization of a pattern that was successfully completed using a cross
cutter machine on a sticker sheet. Figure 2b shows a polyimide substrate covered with a sticker sheet
previously treated in series of SMIE to initiate polymer metallization. The silver/PVA microheater was
successfully deposited by the doctor blade process of the polyimide substrate, as depicted in figure 2c. A
flexible polyamide microheater was readily used and exhibited robust deposition, as shown in figure 2d.
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(d)

Figure 2. The realization of the heater from the pattern until testing: (a) the craft cutter-generated pattern,
(b) the silver pattern with masking in place, (c) the silver pattern after mask removal, (d) the flexible
heater demonstrating flexibility.

This study presents a comparison between the geometry of the masking (Figure 3a) and realized
structure (Figure 3Db), highlighting several dimensional differences. The fabricated masks exhibited
horizontal and vertical dimensions of 2998 um and 1200 um, respectively, closely aligning with the
designed dimensions of 3000 pum and 1200 um. Nevertheless, minor discrepancies were noted in the
smaller features, with a width of 293 um and a vertical width of 557 um in the constructed structure, as
opposed to the theoretical values of 300 um and 550 um. The observed variations were closely aligned,
remaining within a margin of 2.5% from the theoretical values.
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Figure 3. Close observation of the resulting (a) masking as the heater pattern, (b) realized heater after
deposition, (c) profile measurement of the microheater

Our previous study (Whulanza et al., 2024) revealed variations of approximately 4%, achieved
using a stencil mask without implementing the SMIE process. This notable enhancement is essential for
biomedical applications. Variations in these dimensions can significantly influence the performance of
devices such as microheaters used in the polymerase chain reaction on chips. Research indicates that even
minor geometric discrepancies can influence the overall thermal and mechanical performance (Inaba et
al., 2021; D. S. Lee et al. (2019). A common approach to addressing these challenges involves the
application of traditional microfabrication techniques, including photolithography and lift-off processes.
Nonetheless, these methods incur significant costs and necessitate equipment and facilities that may not
be readily accessible, particularly in resource-limited environments. Our proposed solution effectively
addresses these limitations.

The thickness measurement after the SMIE and coating process (figure 3c) revealed a channel
microheater thickness of approximately 28 um on the PI substrate, with a width of 300 um and a sharp
decrease in thickness at the edges of the track. The surface distribution suggests a texture variation, likely
caused by the nonuniform ion-exchange reaction rate during the SMIE process and the different drying
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rates of the silver - 30% PVA coating. These factors contribute to the material's uneven distribution, with
thicker deposition occurring in the center and tapering off toward the edges. Additionally, the uneven
surface texture of the microheater channel was attributed to the initially rough polyimide surface, which
influenced the final material deposition.

3.2 Thermal Properties and Stability

The thermal evaluation of the flexible silver heater was conducted by thermogravimetric analysis
(TGA) and Differential Scanning Calorimetry (DSC). Figure 4a shows the TGA curves for the substrate
polyimide (PI) along with the substrate integrated with the silver heater. The TGA curves illustrate the
relationship between the weight loss of the materials and temperature, providing insights into their
thermal stability and decomposition points. The PI substrate exhibits two notable weight losses: at
temperature around 100°C, which is primarily due to water or solvent loss, whereas the weight loss
beginning at approximately 500°C is due to the initiation of thermal decomposition. The substrate
containing the silver heater exhibited solvent loss at temperature more than 150°C and a significantly
elevated decomposition temperature around 600°C, indicating improved thermal stability attributed to the
silver metallization.

Figure 4b shows the DSC curves for both the Pi substrate and the substrate integrated with the
silver heater. Both the PI substrates and those containing Ag heaters exhibited endothermic peaks at
approximately 175°C, which suggests solvent evaporation and the release of chemically bound water.The
exothermic peak at approximately 580°C of the PI substrates indicates the decomposition temperature
(Akinyi & Iroh, 2023). Meanwhile, the Pl substrate with the silver heater exhibited a higher exothermic
peak at 620°C.
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Figure 4: (a) Thermogravimetric analysis (TGA) and (b) Differential scanning calorimetry (DSC) results
for a polyimide substrate with and without silver deposition.

Based on the thermal characteristics above, the addition of silver clearly improves the thermal
stability of the polyimide substrate. This is presumed to be due to the combination effect of the deposited
silver particles after ion-exchange metallization and ion-dipole interaction between the silver ions (Ag®)
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and the PVA polymer chain.(S. Y. Lee et al. (2021) revealed that the polar hydroxy groups of hydroxy
polyimide established ion-dipole interactions with Ag ions, resulting in the formation of Ag particles with
a homogeneous size distribution. This interaction may also be exhibited in our Ag-PVA composite
because PVA contains hydroxyl groups. As a result, the distribution of Ag influences the heat emission
properties of the composite film, leading to improved heat dissipation and greater thermal stability.

Elevated melting points and decomposition temperatures are crucial for applications involving
prolonged heating, which generally occur below 100°C in the medical field. In summary, the higher
melting point and thermal stability of the substrate with silver compared to the Pl substrate alone
demonstrate the benefits of silver metallization, enhancing reliability and performance for applications
like biomedical devices and wearable technology (Mitra et al., 2022).

3.2 Heating performance measurements

Testing of the flexible heater was conducted as shown in-Figure 5a, which illustrates the thermal
scanner of the upper surface of the polyimide substrate, while figure 5b depicts the perspective from the
lower section.

Figure 5. (a) thermal imaging of the heater at the top section and (b) thermal imaging of the heater at the
bottom section.

The performance of the flexible silver heater was also assessed at various constant DC voltage
levels. Figure 6a illustrates the temperature curves over time at different voltage levels (0.50 V, 0.75 V,
1.00 V, 1.25 V, and 1.50 V). The findings demonstrate that with an increase in applied voltage, there is a
notable increase in both the rate of temperature increase and the maximum temperature reached. At 1.50
V, the heater reached a temperature of around 160°C, indicating a swift response and significant heating
efficiency. ANOVA for maximum temperature revealed a statistically significant difference in heat flux
density among various voltage levels (F(4, 20) = 10513.09, p = 0.0001, N = 25, R?2 = 0.92, Adjusted R2 =
0.91). These results confirm that the model explains a substantial proportion of the variance in heat flux
density at different voltage levels. The results of the Tukey test reinforce this observation, indicating that
higher voltages result in notable variations in the maximum temperature attained.

Figure 6b illustrates the peak temperature at each voltage level, demonstrating a distinct
relationship between the applied voltage and the corresponding temperature outcome. The data indicate a
consistent increase in temperature corresponding to elevated voltages, implying effective heating
capabilities. Figure 6¢ presents a detailed examination of the temperature stability over a 60-min period,
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demonstrating consistent temperature maintenance across different voltage levels, with 1.50 V achieving
the peak temperature just under 160°C.
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Figure 6. (a) Time-dependent temperature curves of the flexible silver heater at various applied
voltages; (b) graph showing the maximum temperature achieved by the flexible silver heater at different
applied voltages; (c) steady-state temperature stability of the flexible silver heater at different applied
voltages over time; (d) heat flux density vs. voltage.

The heating rate was calculated from the slope of the temperature—time curve during the linear
phase (25-90% of the maximum temperature, Tmax). At 1.50 V, the microheater achieved a heating rate of
11.9 £ 1.1°C/s, reaching 160°C within 13.5 seconds. Lower voltages yielded proportionally slower rates
(e.g., 2.1°C/s at 0.50 V), demonstrating the device’s tunability for diverse applications. After power
disconnection at 1.50 V, the temperature dropped from 160°C to 50°C within 18 s, yielding an average
cooling rate of 6.1°C/s. This efficiency is attributed to the low thermal mass (28 pm thickness) and
thermal conductivity (0.12 W/m-K).

The analysis of the steady-state temperature reveals that the heater sustains a uniform temperature
over extended durations, which is essential for applications requiring stable thermal conditions. Notable
variations were detected at elevated voltages, especially at 1.50 V, suggesting the heater's difficulty in
consistently sustaining high temperatures. This indicates that at elevated voltages, the heater performance
appears to exhibit instability, necessitating additional assessment to improve its reliability in real-world
applications. The increase in heat flux density corresponding to elevated voltages, as illustrated in Figure
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6d, underscores the heater’s effectiveness in transforming electrical energy into thermal energy. The
significance of this efficiency lies in its potential to enhance energy savings and reduce operational costs
in practical applications. The consistent heat distribution noted across the heater surface reinforces its
suitability for applications requiring reliable thermal management, including wearable devices and
defogging systems (Guo et al., 2020; Z. Hu et al. (2021)

3.3 Elemental Composition and Surface Morphology

The analyses of the surface morphology and elemental composition of the flexible silver heater,
conducted through Scanning Electron Microscopy (SEM) and energy-dispersive X-ray Spectroscopy
(EDS), provide important insights into the impact of the heating process on our microheaters. Figure 7c
displays SEM images of the microheaters’ surfaces following the application of different voltages (0.5 V,
0.75 V, 1.0V, 1.25 V, and 1.5 V), highlighting both the original images and those subjected to image
processing. The images indicate a more consistent distribution of silver particles at elevated voltages,
accompanied by a reduction in porosity as the voltage rises. The observations correspond with the
ANOVA test results, demonstrating a statistically significant effect of voltage on porosity (F(4, 20) =
34.66, p = 0.0008, N = 25, R2 = 0.88, Adjusted R2 = 0.86), thereby validating the differences in porosity at
various voltage levels.
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Figure 7: (a) Graph indicating the porosity of the flexible silver heater at different applied voltages; (b)
density of silver pixels vs. applied voltage; (c) SEM images showing the surface morphology of the
flexible silver heater at different applied voltages (original SEM images on top, processed images below)

Figure 7a illustrates the relationship between porosity and voltage, indicating a decline in porosity
with increasing voltage. The observed trend indicates that increased voltages lead to a denser and more
compact distribution of silver particles. Figure 7b. The density of Ag pixels represents the proportion of
silver (Ag) pixels relative to the total number of pixels in the image. This metric indicates the extent to
which silver pixels occupy the image area. As the applied voltage increases, the density of Ag pixels also
increases, suggesting a direct relationship between voltage and the deposition or distribution of silver
particles. Higher voltages contribute to a more concentrated presence of Ag pixels, which can be critical
for understanding the behavior of materials under different electrical conditions.

The EDS analysis table in Table 1 compares the elemental compositions of the heaters at 0 V and
1.5 V. The findings show a rise in the silver content from 53.06% to 74.11%, accompanied by a reduction
in organic elements such as carbon, oxygen, and hydrogen. This implies organic degradation alongside
enhanced silver deposition at elevated voltages. The reduction in porosity and consistent distribution of
silver particles at elevated voltages improve the electrical and thermal characteristics of the heater. An
arrangement of denser silver particles enhances both the conductivity and the heat transfer efficiency. The
reduction in porosity with increasing voltage (Figure 8a) reinforces this observation, indicating a more
compact and efficient conductive network.

Table 1 EDS analysis of the elemental composition of the flexible silver heater before and after heating at
different voltages.

Element 0 Volt 1.5 volt
Silver 53.06% 74.11%
Carbon 14.41% 10.45%
Oxygen 22.53% 11.03%
Hydrogen 10% 4.41%

The EDS analysis presented in Table 1 shows an increase in the silver content from 53.06% to
74.11% with increasing voltage, whereas organic elements such as carbon and oxygen decrease. This
trend indicates that higher voltage facilitates denser silver deposition and the degradation of organic
materials, enhancing the electrical and thermal properties of the microheater. This phenomenon can be
explained by several mechanisms. First, a higher voltage accelerates the evaporation of organic residues
due to increased thermal energy, resulting in a more crystalline silver layer. Second, the XRD analysis
(figure 8) reveals increased silver crystallinity at higher voltages, indicating a more organized and
conductive silver network. Third, SEM images (figure 7) show a reduction in porosity, reflecting a denser
and more uniform silver distribution. The improved silver deposition enhanced the performance of the
heater by increasing its thermal and electrical conductivity, which is consistent with the results of
previous research on silver nanowires and conductive materials (Cheng et al., 2016; Liu et al., 2015).

The flexible silver heater through X-ray diffraction (XRD) was conducted to identify the
crystalline phases and assess the degree of crystallinity. The XRD patterns of the microheaters at various
voltages (0.5 V, 0.75V, 1.0V, 1.25 V, and 1.5 V) are presented in Figure 8. The observed peaks align
with the crystalline structures of silver, demonstrating an increase in peak intensity corresponding to
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higher applied voltages. This suggests that elevated voltages increase the crystallinity. The XRD patterns
show clear peaks at particular angles, suggesting the presence of crystalline silver. The increase in voltage
correlated with a rise in the intensity of these peaks, indicating a potential enhancement in crystallinity
and improvement in material quality. The decrease in the organic peak intensity provides additional
evidence for the degradation of organic components observed through EDS analysis (as mentioned
above).

— 1.50 volt
— 1.25 volt
—— 1.00 volt
——0.75 volt
—— 0.50 volt

(111)

(111)

Intensity (a.u)

0 20 40 60 80
20 (degree)

Figure 8. XRD patterns of flexible silver heaters at various applied voltages

The crystalline phases observed in the XRD patterns play a crucial role in improving the thermal
and electrical properties of heaters. The presence of crystalline silver, as evidenced by the XRD peaks,
demonstrates an enhanced conductivity relative to that of its amorphous form. The observation of higher
peak intensities at elevated ‘voltages indicates an enhanced crystallinity, which is associated with
improved performance. This result is consistent with EDS data, which indicated that increased silver
content and decreased organic elements at elevated voltages lead to enhanced efficiency in practical
applications (Sun et al., 2018; Tian et al., 2023).

The results agree with earlier research (Whulanza et al., 2024), indicating that crystalline silver
exhibits improved conductivity compared to its amorphous counterparts. The heightened crystallinity
observed at elevated voltages corroborates this, indicating a more organized atomic structure that
enhances performance and longevity. The pronounced XRD peaks suggest a high-quality material, which
is crucial for ensuring long-term stability, as evidenced by research on conductive materials such as silver
(Mulenga et al., 2020; Priotto et al., 2023).

34 Mechanical Durability

The structural integrity of silver deposited on the substrate is a critical aspect of this field. The
proposed method employs a robust silver component within the substrate. This paper presents an
observation of the change in resistance of the flexible silver heater when subjected to prolonged external
forces. The force is represented by a series of bending forces applied over 5000 cycles, as illustrated in
Figure 9. The data indicate a minor but consistent reduction in resistance, which decreases from 223.9 Q
to 220.9 Q across 5000 bending cycles, with no notable thermal degradation evident in the thermal



Journal Pre-proof

infrared images. An ANOVA test (F(4, 20) = 34.9, p = 0.0001, N = 25, Rz = 0.89, Adjusted Rz = 0.87)
followed by Tukey's HSD test revealed significant differences among specific voltage groups,
underscoring the material's durability and limited fatigue during repeated bending.

(a) (b) (©)

Moving Part 240

225 . =

210

Resistance (Q)

1954

0 1000 2000 3000 4000 5000

Fixed Part Number of bending cycles (n)

Figure 9. (a) Experimental setup for bending test of flexible microheater. (b) Illustration of bending
dynamics in flexible microheater. (c) graph showing the change in resistance of flexible microheater with
increasing number of bending cycles.

The observed gradual decrease in resistance from 223.9 Q to 220.9 Q over 5000 bending cycles,
which is less than 1% variation, indicates the heater’s robust mechanical properties. This minimal
reduction is consistent with the known behavior of flexible heaters, where microcracks and molecular
reorientation influence resistance changes (Huang et al., 2015). The thermal infrared images corroborate
these findings, showing stable thermal performance without noticeable hotspots or degradation. Studies
on materials like Bi2Se3-MWCNT and Ag nanowire networks also support these observations,
emphasizing the role of material quality and structural integrity in maintaining performance (Bugovecka
etal., 2023; Hwang et al., 2021).

The mechanical stability of the flexible silver heater is comparable to those of other flexible
conductive materials, including silver nanowires, carbon nanotubes, and graphene, which demonstrate
robust flexibility and maintain performance under mechanical stress (Z. Hu et al., 2021; Jin et al., 2021;
Kim et al., 2021). In contrast, certain materials exhibit significant resistance changes under stress due to
microcracks, which negatively affect their performance (Park et al., 2019). However, the flexible
nanocomposite silver heater exhibits enhanced durability by maintaining or reducing resistance during
repeated bending, making it suitable for applications requiring long-term reliability and consistent
performance, such as wearable electronics.(Y. Hu et al., 2022; Sharma et al., 2020; N. Zhang, Huang,
Wan, Leg, et al., 2019).

Additionally, its performance during repeated bending cycles aligns with the results of research
on comparable materials, underscoring its mechanical strength (Jin et al., 2021; J. Yang et al., 2021). The
heater exhibits a resistance change ratio of 0.11% after 1200 cycles, indicating exceptional stability,
which is particularly significant for applications in flexible electronics and biomedicine. The findings
highlight the necessity of creating flexible heaters capable of withstanding mechanical stress while
maintaining their functionality, which corresponds to the need for robust thermal management solutions
across multiple sectors.

3.5 Temperature Coefficient of Resistance (TCR)
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The electrical resistance of the microheater was evaluated at various temperatures and under mechanical
bending conditions. The resistance at room temperature (25°C = 1°C) was measured as 223.9 Q. The
resistance-temperature relationship followed the TCR model with an experimentally derived coefficient
of a = 0.0031 °C™. The calculated and measured resistance values at different temperatures exhibited
strong agreement, as shown in Table 2.

Table 2. Measured vs. Calculated Resistance Values

Temperature (°C)

Calculated R (2)

Measured RR (Q2)

Deviation (%)

25 223.9 223.9+0.5 0.0
40 231.2 2305+0.7 0.3
60 240.1 2389+1.1 0.5

The experimental results validate the theoretical predictions of the microheater’s electrical
behavior as a function of temperature. The close agreement between the calculated and measured
resistance values supports the accuracy of the TCR model for silver-based conductive films. The
deviation remained within 1% across the tested temperature range (25-60°C), demonstrating the precision
of the measurement process and the reliability of the microheater’s design. The minimal resistance
degradation observed after mechanical bending suggests that the microheater exhibits high mechanical
durability. This result can be attributed to the strong adhesion properties of the SMIE and the inherent
flexibility of the Ag-PVA nanocomposite material. These characteristics make the microheater a strong
candidate for flexible and wearable electronics, where mechanical stress is inevitable.

Moreover, the additional analysis of resistance variations during bending cycles provides insights
into the microheater’s longevity and operational stability. Given that the resistance decrease was minor
and remained within acceptable limits, it can be inferred that the structural integrity of the conductive
pathway is preserved even under repeated deformation. Overall, the findings presented in this study
confirm the robustness, reliability, and reproducibility of the microheater’s electrical properties. The
combination of excellent temperature response and mechanical resilience makes it suitable for flexible
next-generation flexible thermal management applications. Future work may involve testing under
dynamic environmental conditions and exploring further material optimizations to enhance the
operational lifespan.

3.6 Bioreactor Temperature Stability Test

To validate the microheater’s applicability in bioreactor systems requiring precise thermal
control, we conducted a temperature stability test using a water-filled chamber (20 mL volume) under
ambient conditions. The microheater, powered by a 0.5 V battery and regulated by a voltage controller,
was integrated beneath the chamber to simulate a bioreactor environment (Figure 10a). The system was
programmed to maintain a target temperature of 40.0°C, which is critical for enzymatic reactions and
mesophilic microbial processes. Temperature data were recorded for over 1 h using three calibrated
thermocouples positioned at the top, center, and bottom of the chamber to evaluate spatial uniformity
(Figure 10b).
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The microheater demonstrated rapid heating, achieving the target temperature of 40.0°C within
4.2 minutes (heating rate: 9.5°C/min). During the 1-h operation, the temperature remained stable at 40.0 £
0.1°C (Figure 10c) with minimal spatial variation (x0.2°C).
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Figure 10. (a) Experimental setup of controlled environment in an bioreactor chip. (b) The
application of silver heater on the chip. (c) Graph showing the temperature of heated liquid medium in the
bioreactor chip.

These results confirm the microheater’s suitability for applications demanding rapid and stable
thermal regulation, such as enzymatic hydrolysis, biogas production, or batch fermentation. The
portability of the battery-powered setup further underscores its potential for decentralized bioreactor
systems in resource-limited settings. Future work will explore the integration of microbial cultures with
real-time feedback control to assess biological efficacy under dynamic conditions.

3.7 Discussions

The combination of the SMIE technique and doctor blade coating successfully enabled the
realization of a flexible heater with superior precision, stability, and durability compared to previous
silver-based flexible heater designs. With only a 2.5% deviation from the theoretical values, the
dimensional accuracy was significantly improved over previous studies, which can be largely attributed to
the SMIE process. Although the thickness distribution (peaks at 28 um) indicated some non-uniform
material deposition leading to minor inconsistencies in the heat distribution, the heater maintained
excellent overall performance.

The integration of silver enhanced material uniformity and operational stability. Thermal analysis
using TGA and DSC further confirmed the improved performance, with silver increasing both the
decomposition temperature and melting point of the polyimide substrate and enhancing thermal stability
up to 170°C. The heating efficiency increased with the voltage, although the minor instability at 1.50 V
suggested room for optimization at higher voltage operations. The rapid thermal response of the heater,
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which is essential for energy efficiency, demonstrated silver's superiority in heat transfer. The mechanical
durability was also notable, with the resistance variation remaining below 1% after 5000 bending cycles.

This research successfully addressed adhesion issues encountered in previous studies. The SMIE
technique effectively metalized the substrate, forming a chemical bond between the polyimide (PI)
substrate and the silver. This is primarily due to the SMIE method, in which the initially neutral Pl
substrate is modified with potassium hydroxide (KOH). This reaction replaces some functional groups on
the polymer with potassium ions (K), creating sites that are ready for exchange with metal ions. This step
is crucial for the PI substrate to absorb silver ions (figure 11).
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Figure 11. Changing of the chemical group and formation of silver on the PI (polyimide) surface.

After KOH modification, the PI substrate is immersed in a silver nitrate (AgNOs) solution.
During this process, potassium ions (K*) are replaced by silver ions (Ag'). As a result, the carboxylate
groups (-COO") attached to the PI substrate now bind with Ag*, replacing the K* ions. The bound Ag*
ions are then reduced to elemental silver particles (Ag®) using sodium borohydride (NaBH4) as the
reducing agent. This reaction converts the silver ions into their stable metallic form (Ag®), which then
integrates into the polymer structure. This combination of techniques ensures strong adhesion between the
silver and the PI substrate, resolving the adhesion issues that have been a challenge in previous research.

The proposed surface modification ion exchange (SMIE) and doctor blade deposition method
offers a low-cost alternative to traditional cleanroom-based photolithography, which typically requires
high-cost lithography tools (> $50,000), photoresists, masks, and chemical etchants. By eliminating the
need for expensive equipment and complex multi-step processing, the proposed method reduces
fabrication costs by over 90%, lowers material consumption by ~60-80%, and minimizes waste
generation by ~70%, making it a more scalable and environmentally friendly approach. Additionally, the
simplified fabrication process enables continuous and large-area production, which is not feasible with
traditional batch-based photolithography. These advantages demonstrate that our method is a cost-
effective, efficient, and sustainable alternative for flexible microheater fabrication, justifying its potential
for biomedical and electronic applications (Charmet et al., 2020).

4. CONCLUSION

This study developed and evaluated a novel flexible nanocomposite silver microheater using a
solution-based polyimide metallization technique combined with an electronic craft cutter, achieving
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enhanced thermal performance, response time, and mechanical stability for biomedical applications. The
microheaters exhibited excellent thermal properties, with the decomposition temperature of the
nanocomposite silver-metalized polyimide substrate reaching approximately 620°C. The integration of
silver significantly enhanced thermal stability, as evidenced by higher decomposition temperatures in
TGA analysis. DSC curves confirmed endothermic events corresponding to phase transitions,
highlighting the material’s robustness for high-temperature applications. The heating performance tests
showed rapid temperature increases, reaching approximately 160°C at 1.50 V and stable temperatures
over extended periods, underscoring their suitability for applications requiring consistent thermal
management.
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