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A B S T R A C T

Tailoring material properties at the microscale is essential for advancing technologies, particularly in the field
of 4D printing. The ability to manipulate thermal expansion is particularly critical for opto-mechanical systems,
where precise deformation control is required. This paper introduces a novel approach that combines 4D
printing with topology optimization to design and fabricate a multimaterial structure capable of mitigating
undesired thermal expansion upon heat stimulation. This approach is applied to the development of a
microfabricated Fabry–Perot filter as a robust alternative to directly printed cavity-based devices. Employing
both approaches enables the determination of material distribution within the internal geometry of the
structure, resulting to a temperature-insensitive response while maintaining optical performance. Using two-
photon polymerization, the designed structure is 3D-printed with a combination of active and passive materials
to achieve a controlled geometry. The final structure demonstrates a minimal change in dimensions under a
temperature increase, confirming its ability to counteract thermal expansion effectively. This work showcases
the potential of 4D printing and intelligent design strategies for developing devices at the microscale with
precise thermal control.
1. Introduction

Computational materials design has emerged as a powerful tool for
engineering structures with unprecedented properties. By precisely ma-
nipulating material composition and arrangement at the subwavelength
scale, researchers can create materials with tailored functionalities [1,
2]. These advanced materials, often exhibiting properties beyond those
found in nature [3–5], hold immense promise for revolutionizing fields
such as electronics [6], optics [7,8], energy, and biomedicine [9],
among others. This approach combined with emerging technologies
like 4D printing [10,11], offers the potential to create dynamic systems
with self-adapting properties [12,13]. It involves the use of computer
algorithms and simulations to optimize the geometric and material
distribution within a structure, enabling the achievement of specific
properties or functionalities [14]. For example, by modeling the be-
havior of materials under different conditions, researchers can design
materials with properties that can be dynamically adjusted in response
to external stimuli [15,16]. This capability enables the creation of
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innovative applications such as adaptive optics [17], tunable metama-
terials [18], and multifunctional composites [19,20]. Such advanced
materials hold immense potential for revolutionizing the field of sens-
ing [21]. By integrating computational design into sensor development,
it is possible to create devices with enhanced sensitivity, selectivity,
robustness, and improved operational stability [22].

A diverse range of optical and optomechanical devices have been
successfully integrated onto optical fibers, using two-photon polymer-
ization (TPP) technique [23,24]. The direct accessibility of the guided
light output from an optical fiber makes it an ideal platform for fabricat-
ing such elements at the fiber end face [25]. Fabry–Perot filters (FPF)
can be used for measuring strain in structural components, detecting
chemical species in gas or liquid environments, and monitoring biolog-
ical processes. FPFs are also well-suited for temperature measurements
due to their high sensitivity to changes in the optical path length,
which can be induced by various physical mechanisms. Temperature
variations can affect both the refractive index of the medium and the
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physical dimensions of the FPF cavity, leading to shifts in the resonant
wavelengths [26]. A particularly promising application of FPF sensors
ies in the field of biomedical sensing. By integrating FPF technology
nto minimally invasive devices, it is possible to monitor physiological
arameters in real-time, enabling early disease and improved patient
are. For example, FPFs could be used to measure blood pressure, glu-
ose levels, and oxygen saturation non-invasively [27,28]. Additionally,

FPFs can be incorporated into endoscopes and catheters to provide in
itu sensing capabilities during surgical procedures [29,30]. This can

lead to more precise and efficient surgeries as well as reduce patient
discomfort and recovery time. Fabry–Perot cavities, while offering high
sensitivity and resolution, are highly sensitive to misalignment, with
even slight deviations significantly affecting their quality factor (Q-
factor). A high Q-factor, indicative of a narrow resonance linewidth,
is crucial for achieving greater sensitivity and resolution. To mitigate
the effects of misalignment, employing curved mirrors or increasing
reflectivity can enhance tolerance. Furthermore, temperature variations
can induce thermal expansion of the FPF cavity components, leading
to changes in the optical path length and consequently shifting the
resonant wavelength [31]. This, in turn can distort the sensor response
and reduce measurement accuracy, especially when measuring physical
parameters other than temperature. To address this, it is essential to
implement temperature compensation techniques or utilize materials
with minimal thermal expansion.

One common approach involves the use of temperature compensa-
tion techniques, such as incorporating temperature-sensitive elements
within the FPF cavity or utilizing sophisticated signal processing al-
orithms [30]. However, these methods often introduce additional

complexity and cost to the system, and require a large number of data
points to be collected and processed that can compromise the overall
performance of the sensor. Another approach focuses on improving the
stability of the FPF cavity by focusing on the development of materials
with low coefficient of thermal expansion (CTE). Traditionally, materi-
als such as silicon, fused silica, and certain crystalline materials have
been employed for fabricating FPF components due to their excellent
optical properties and mechanical stability. However, these materials
ften exhibit relatively high CTE, limiting their suitability for high-
recision sensing applications. To address these limitations and unlock

the full potential of FPF sensors, there is a strong need for a new
pproach that goes beyond conventional compensation techniques and
aterial selection.

Computational materials design offers a robust framework for op-
timizing the design of FPF components. By harnessing advanced com-
putational techniques, such as topology optimization (TO), researchers
can explore a vast design space and identify optimal material distri-
butions and geometries to achieve desired performance and charac-
teristics. Recent studies have demonstrated the potential of topology
optimization in the design of 4D printed structures, where material
istribution is optimized to achieve specific functional mechanical

behaviors [32]. For instance, topology has been used to design soft
ctuators with enhanced stiffness and shape recovery properties [33].

Building upon these advancements, we propose a novel approach
ombining 4D computational design with two-photon polymerization
o achieve highly thermally stable FPF. By employing topology opti-
ization, we determine the optimal distribution of two materials with

ontrasting CTEs within the FPF cavity, while adhering to the con-
traints of TPP technique, including the minimum feature size (voxel),
spect ratio, and build orientation limitations. Departing from the
raditional focus on mechanical performance in topology optimization
or soft actuators, we leverage TO to optimize for thermal expansion
nd contraction. This enables us to ensure minimal distortion of the
PF structure under varying temperature conditions.

Harnessing precise control over laser power (LP) during photopoly-
merization, we manipulate the photoresin crosslinking density, tailor-
ing the thermal expansion properties of the resulting materials [12,
2 
23,24]. Building upon this capability, we fabricate uniaxial FPF com-
ponents with a center wavelength of 1550 nm. These components
exhibit reversible performance changes in response to temperature
fluctuations, demonstrating their potential for various applications. To
further expand functionality, we introduce biaxial configurations. By
utilizing two materials with contrasting CTEs, this design insulates the
FPF from temperature fluctuations, enabling the precise measurement
of multiple physical parameters, such as force or pressure, unimpeded
by thermal variations. This makes biaxial FPF components particularly
well-suited for biosensing applications that require multi-dimensional
detection, even in challenging thermal environments [31,34].

2. Materials and methods

2.1. Design

To streamline the fabrication process and enhance the FPF’s versa-
tility, we developed an innovative clipping system that securely holds
the optical fiber. As depicted in Fig. 1(a), this system consists of a
cylindrical body with curved plates that can be gently deformed to ac-
commodate a standard single-mode fiber. A simple pushing mechanism
ensures secure attachment, eliminating the need for intricate alignment
procedures during fabrication, thereby streamlining the manufacturing
process. Light injected into the fiber exits at its end and is emitted
through a precisely defined optical aperture. This emitted light interacts
with a parabolic micromirror positioned at the center of the filter
cavity, as depicted in Fig. 1(b). The parabolic micromirror’s curvature,
optimized for both fabrication constraints and desired optical perfor-
mance, ensures that incident light rays are precisely focused to a single
point, significantly reducing aberrations such as spherical aberration
and coma.

To further enhance the FPF’s performance, we incorporate a gold
layer (50 nm) onto the parabolic micromirror surface using electron-
beam evaporation (EVA450 Thin layer coating, Alliance Concept, Paris,
rance). This reflective coating boosts the micromirror’s reflectivity,

leading to a notable increase in the intra-cavity optical power and
consequent improvement in finesse. Additionally, to optimize the FPF’s
symmetry and light transmission within the fiber itself, we coat the
fiber end face with a thinner gold layer (10 nm ± 2 nm). This par-
tially reflective coating establishes a balanced optical arrangement
that enhances the quality of the resonant features leading to a nar-
rower linewidth, higher extinction ratio, and ultimately, a substantially
improved quality factor (Q).

An optical microscope of 20X is used to check the FPF/optical
iber assembly. Fig. 1(c) provides a visual representation of the de-
ice, showcasing the fiber-clipping system and its integration within
he microstructure. The polymer-based FPF’s compact size, low power
onsumption, and sensitivity to external stimuli, make it a versatile
latform for characterizing various physical properties. Its integration
ith optical fibers enables precise measurements even in remote or

n field diagnostics applications. While its thermal expansion can be
everaged for precise temperature sensing by monitoring shifts in the
ree spectral range (FSR) of its cavity, characterizing other physical
roperties, such as force, can be challenging in environments with fluc-
uating temperatures. To accurately measure force in such conditions,
t is essential to decouple the effects of temperature and force on the
PF’s response.

In the following section, we will discuss strategies to address the
thermal expansion of the polymer-based FPF structure and mitigate the
effects of CTE variations on the device’s performance.
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Fig. 1. Design of single-material and multimaterial FPF. (a) 3D schematic representation of the FPF cavity attached to the end face of an optical fiber. (b) Top-view schematic
representation of the FPF cavity’s internal structure composed of a homogeneous material. (c) Optical microscope view of the FPF device, highlighting the seamless integration of
the optical fiber within the 3D microstructure. (d) Similar to (a), but with the cavity interior featuring a multimaterial design achieved through TO using different laser powers
(LPs): 8 and 15 mW. (e) Top view of the multimaterial cavity corresponding to (d). (f) and (g) schematically illustrate vertical cross-section through the FPF, as viewed from
above in (e), revealing the continuous depthwise distribution of the two distinct polymers within the cavity. The two materials – depicted in tinted white and purple – represent
polymers with lower and higher CTE, respectively. (f) Topology optimized (TO) 2D cavity at room temperature. (g) The multimaterial design mitigates thermal expansion within
the cavity, ensuring that the focal point remains relatively stable across a wider temperature range.
2.2. CTE determination

To understand the polymer-based FPF’s response to external stimuli,
we must consider the underlying mechanical principles governing its
behavior. The FPF’s mechanical behavior can be described by the cou-
pled elasticity and thermal expansion equations. These equations quan-
tify the relationship between stress, strain, and displacement within the
material. The equilibrium equations, given by:

∇ ⋅ 𝝈 + 𝐛 = 𝟎 (1)

where 𝜎 represents the internal stresses and b describes external forces
within the FPF. The elastic polymer material is governed by the Hooke’s
law as follows:

𝝈 = 𝐂 ∶ 𝜺𝒆𝒍𝒂𝒔𝒕𝒊𝒄 (2)

where 𝜎 is the stress, 𝜀 is the strain, and 𝐂 the elasticity tensor. This
constitutive equation allows us to quantitatively analyze the mechani-
cal behavior of the polymer material under various loading conditions.

To understand the relationship between the displacement of mate-
rial points 𝑢 and the total strain 𝜖𝑡𝑜𝑡𝑎𝑙, we use the strain–displacement
relation:

𝜺total =
1
2
(

∇𝐮 + (∇𝐮)𝑇 ) (3)

This equation defines the total strain 𝜖𝑡𝑜𝑡𝑎𝑙. To separate the elastic
strain 𝜖𝑒𝑙 𝑎𝑠𝑡𝑖𝑐 from the total strain, we consider the effect of thermal
expansion, which is represented by the thermal strain equation:

𝜺thermal = 𝛼 𝛥𝑇 𝑰 (4)

Here, 𝛼 is the coefficient of thermal expansion (CTE), 𝛥𝑇 is the
temperature change, and 𝑰 is the identity matrix.
3 
The elastic strain 𝜖𝑒𝑙 𝑎𝑠𝑡𝑖𝑐 is then given by:

𝜺elastic = 𝜺total − 𝜺thermal (5)

By carefully analyzing the FPF’s response to external stimuli and
considering these mechanical principles, we can gain valuable insights
into its behavior and optimize its performance for various applications.

2.3. Material optimization

The design of an FPF that can operate reliably across a wide range
of temperature conditions, while maintaining good optical performance
in terms of reflection efficiency, aberration minimization, and reduced
sensitivity to external influences, requires the establishment of an
appropriate optimization problem. Here, the main objective function
is described as follows:

𝛿 = min

(

∫ 𝜔(𝜌1)𝑑 𝑙
𝐿

)

(6)

This objective function aims to minimize the average optical path
length variation 𝜔 within the filter due to temperature variation. The
normalized optical path length variation (𝛿) is calculated as the ratio of
the average optical path length variation 𝜔(𝜌1) over the entire optical
path length (dl) to the total optical length (L). The integration is per-
formed over the relevant region of the structure, with 𝜌1 representing
the material distribution (𝜌1 = 0 for material 1, 𝜌1 = 1 for material 2).

To minimize 𝛿, we must carefully engineer the FPF dimensions, mi-
cromirror reflectivities, and materials properties to mitigate the central
expansion of the micromirror, reduce stress-induced birefringence, and
ensure the optical path length remains relatively constant over a wide
temperature range.
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Fig. 2. Fabrication of high-resolution micromirrors using multiparameter optimization. (a) Illustration of the FPF’s operating principle. (b) SEM images of fabricated micromirrors
printed with varying laser powers aiming to identify the optimal laser power. (c) Tilted view revealing fine features and surface smoothness of the micromirror for efficient
reflection and minimal scattering. (d) Top view demonstrating overall uniformity of the micromirror’s reflective surface for consistent light coupling.
The micromirror’s reflective surface is meticulously defined accord-
ing to the following equation,

𝑧 = − 1
4𝑓

𝑠2 + 𝑓 (7)

where, 𝑧 represents the height of a point on the parabola, 𝑠 represents
the horizontal distance from the axis of symmetry of the micromirror
to any point on the parabola, and f is the focal length of the parabola.

We employ a density-based topology optimization model to deter-
mine the material distribution within the designated design domain. We
define a design field, 𝜌1, that can continuously vary between 0 and 1
to interpolate between the low and the high CTE material in the design
domain, as follows,

0 ≤ 𝜌1 ≤ 1 (8)

To mitigate numerical instabilities and ensure a smooth transition
between material phases, a smoothing step was applied to the design
field. This involved filtering the design variable, 𝜌1, using Helmholtz
filter,

𝜌1 = 𝑅2
min∇

2𝜌1 + 𝜌1 (9)

with a smoothing radius, 𝑅min of 800 nm. This process aid in
limiting the appearance of small design feature and prevents a mesh-
dependent solution.

To sharpen the gray areas in the design field and facilitate a clear
distinction between materials with different thermal expansion coeffi-
cients, a hyperbolic tangent function was employed. This function is
defined as,

𝑇ℎ =
t anh(𝛽(𝜌1 − 𝜃𝛽 )) + t anh (𝛽 𝜃𝛽 )
t anh(𝛽(1 − 𝜃𝛽 )) + t anh (𝛽 𝜃𝛽 )

(10)

that transforms the design field towards binary values close to 0
or 1 to realize realistic designs of either low or high thermal expan-
sion material. The parameter 𝜃𝛽 defines the threshold in the function,
whereas the parameter 𝛽 controls the threshold sharpness. We apply
the threshold operation (Eq. (10)) on the smoothed design field with
the threshold being at the center value 𝜃𝛽 = 0.5:

𝜃 = 𝑇ℎ(𝜌1, 𝛽 , 𝜃𝛽 ) (11)
4 
We progressively double the threshold sharpness starting from 1
and ending at 12 using a continuation approach to achieve a binary-
inspired design. We use the thresholded design field, 𝜃, to interpolate
into a thermal-expansion distribution in the design domain with a
linear material interpolation between the low and high CTE materials,

𝛼 = −𝜃(𝛼2 − 𝛼1) + 𝛼1 (12)

The optimized multimaterial distribution for the micromirror and its
surrounding is illustrated in Fig. 1(d). Fig. 1(e) depicts a top view of the
FPF biaxial configuration, highlighting the six identical sections around
the parabolic micromirror. Fig. 1(f) presents a 2D cross-section of one
of these sections, focusing on the depth distribution of the materials
at ambient temperature. Fig. 1(g) demonstrates the thermal expansion
of the topology-optimized multimaterial structure when subjected to a
temperature difference of 45 ◦C (from 30 ◦C to 75 ◦C). It also illustrates
how the materials expand while maintaining unchanged the focal
distance of the parabolic micromirror. Notably, the central region of
the mirror exhibits near-zero displacement, ensuring consistent optical
performance across a range of temperatures.

By carefully tuning the thresholding parameters, such as the sharp-
ness parameter 𝛽 and the threshold value 𝜃𝛽 , we were able to achieve
precise control over the material distribution. This enabled the creation
of a well-defined and manufacturable FPF design, culminating in the
specific geometry of the micromirror depicted in Fig. 2(a). The sharp-
ness parameter 𝛽 allowed us to balance the need for sharp material
interfaces with the requirements of manufacturability. The threshold
value 𝜃𝛽 determined the optimal distribution of the two materials,
ensuring that the desired thermal expansion properties were achieved,
which is crucial for maintaining the micromirror’s shape and optical
performance under varying temperature conditions. The geometry of
the micromirror depicted in Fig. 2(a) shows a vertical half-cut of the
3D structure. The design size domain of the micromirror is 50 μm in
diameter and 20 μm in depth, operating at a central wavelength of
1550 nm.

3. Fabrication of the FPF structure

The FPF is comprised with two primary components: a single-mode
optical fiber (SMF) and a 3D microstructure part. The SMF, conforming
to the G.652.D standard with a 9 μm core and 125 μm silica cladding
(ITU-T [G.652]) [35] is used to couple with the 3D microstructure.
The 3D microstructure consists of a parabolic micromirror with nearly
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Fig. 3. SEM images of the multimaterial FPF cavity. (a) Top view SEM image of the FPF cavity, highlighting the micromirror region (tinted gold) and the surrounding regions
(tinted purple). The micromirror, fabricated with high laser power, exhibits a lower CTE compared to the surrounding regions, which were fabricated a lower laser power. This
differential CTE enables precise control over the thermal expansion of the structure. (b) Tilted-view SEM image of the FPF cavity, showcasing the integrated waveguide contour.
This feature ensures precise fiber alignment, enhances vibration damping, and provides structural support during fiber insertion.
100% reflectance. To compensate for thermal-induced changes in focal
distance, the 3D microstructure was fabricated using two materials with
different CTEs. The 3D microstructure was fabricated using Nanoscribe
GT2 printer (Karlsruhe, Germany) laser-based TPP system operating at
780 nm. IP-S, a commercial photoresin with high refractive index [36],
is used as the printing material. By optimizing the laser power and
applying the results of the topology optimization study discussed in Sec-
tion 2, we successfully distributed the high-CTE and low-CTE materials
around the parabolic micromirror.

To achieve optimal FPF performance, we conducted experiments to
determine the ideal power for printing the micromirror. By fabricating
multiple micromirrors at varying power levels, we were able to observe
the impact of different power on the resulting structures. Fig. 2(b)
illustrates how high powers (above 16 mW) can lead to damage and
deformation, while low power (below 10 mW) may lead to incomplete
polymerization. By carefully selecting a power of 15 mW, we were
able to achieve a balance between structural integrity and optical
performance. Figs. 2(c) and 2(d) depict SEM tilted view and top view
of the micromirror, respectively, with the best combination of smooth
surface and minimal defects. Based on the same study, we choose the
LP= 8 mW to print the high CTE material. Fig. 3(a) shows the SEM
top view image of the two material distribution into the 3D structure.
The high contrasted micromirror part with light gold color at the center
represents the low CTE material, while the light purple colored parts
surrounding the mirror represent the high CTE material.

To further enhance the FPF’s Q-factor, we employed precise coating
techniques using Leica ACE600 sputter coater (Wetzlar, Germany) to
increase mirror reflectivity. Prior to coating, the fiber’s end face was
precision-cleaved to create a flat surface, ensuring optimal optical
coupling. A thin gold layer of 10 nm was then deposited onto the
cleaved surface. This gold layer served as both a protective coating
and semi-reflective mirror, reflecting a portion of the light back into
the cavity. To enhance the reflectivity of the 3D structure micromirror
we deposited a 50 nm gold coating. This combination significantly
increased the reflectivity of both surfaces, resulting in a more confined
optical field within the cavity.

To improve fabrication efficiency, we utilized different hatching
distances to print voxels in the horizontal directions for the micromirror
and the mechanical parts [37,38]. A smaller hatching distance of
100 nm is employed for the micromirror to avoid surface roughness,
while a larger hatching distance of 800 nm is used for mechanical
areas that did not interact with light. This approach allows for faster
fabrication times without compromising the FPF’s performance.

To ensure the FPF’s structural integrity and optical alignment, we
implemented a series of supporting structures surrounding the mi-
cromirror. Fig. 3(b) presents a 45◦ tilted view of the clipping system,
5 
Fig. 4. Characterization of the single polymer FPF. (a) Plot showing the spectral
response (reflectance vs. wavelength) of the single-material FPF cavity at various
temperatures. The observed shifts in the resonant peaks with temperature variations
are attributed to thermal expansion of the cavity, altering its effective length. (b) Plot
illustrating the hysteresis behavior of the single-material cavity during temperature
cycling. Blue circles represent measured wavelengths at each temperature. The pink
dashed line indicates the expected theoretical wavelength shift based on thermal
expansion of the polymer.
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Fig. 5. Characterization of the multimaterial polymer FPF with 4D topological optimization. (a) Plot illustrating the spectral response (reflectance vs. wavelength) of the
multimaterial FPF device with 4D optimized topology at different temperatures. The 4D optimized material distribution enables precise control over the device’s thermal expansion,
resulting in minimal shifts in the resonant peaks. (b) Plot illustrating the behavior of the multimaterial FPF device with 4D optimized topology during temperature cycling. Blue
circles represent measured wavelengths at each temperature. The 4D optimized material distribution effectively compensates for thermal expansion, leading to negligible shifts in
the resonant peaks.
a critical component for coupling the FPF to the optical fiber. This
system incorporates multiple, stacked polymer shelves designed to be
mechanically compliant and deformable. This compliance facilitates the
gentle insertion of optical fibers without inducing damage to either the
fiber or the FPF’s sensitive components, including the micromirror. We
improved micromirror alignment by guiding the optical fiber through
the clipping system and then integrating a 125 μm diameter guide
contour with a 10 μm thickness to hold the fiber in a straight position.
This precise alignment ensures that the light beam travels parallel to the
optical axis of the FPF. By systematically addressing these factors, we
significantly increase the Q-factor of our FPF, demonstrating the impor-
tance of optimizing these parameters for achieving high-performance
optical filters.

4. Experimental measurements and observations

The optical setup employed in the characterization experiment of
the FPF is composed of a widely wavelength-tunable fiber laser source
6 
from 1440 nm to 1640 nm, a 50/50 fiber coupler (FC) is used to
isolate the reflection from the FPF and an optical spectral analyser
(OSA, Agilent 86142B). The wavelength-tunable laser was connected
to the first port of the FC, while the FPF was connected to the second
port. The third port (output port) of the FC is connected to the input
port of the OSA to measure the FPF spectral function. The device was
enclosed within a temperature-controlled chamber (Linkam THMS600,
Waterbeach, Cambridgeshire, United Kingdom), equipped with an op-
tical window. This chamber maintained a stable temperature range of
30 to 75 ◦C, with a fluctuation of ±1 ◦C. Once the chamber reaches
the desired temperature, the laser is tuned on and sweep across a
large bandwidth ranging from 1460 to 1600 nm. The laser exhibits a
wavelength-dependent power output, which was subtracted from each
measurement. Each reading then presented a voltage proportional to
the reflected power across the spectrum introduced by the tunable
laser.

Subsequently, the measured FPF spectra are normalized and plot
in logarithmic scale in Figs. 4(a) and 5(a). These figures show the
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experimental results for temperatures ranging from T = 30 ◦C to 75 ◦C
n increments of 1 ◦C for the single and multimaterial polymer 3D
icrostructure, respectively. An Airy distribution is overlaid on the
lots for visualization purposes only. The central wavelengths of the
ip resonances were experimentally determined and plotted as blue
ircles in Figs. 4(b) and 5(b) for each temperature. The dashed

line in Fig. 4(b) represents the theoretically predicted shift in reso-
ant wavelength due to thermal effects, calculated using the following
quation:

𝛥𝜆 =
(𝛼 𝐿 + 𝛥𝑛𝐿)

𝑄
(13)

where 𝛥𝜆 is the change in resonant wavelength (nm), 𝛼 is the CTE.
As shown in Fig. 4(b), the observed shift in resonance follows a linear
trend, aligning with the predictions of Eq. (13). The experimental data
closely tracks the theoretical curve, demonstrating good agreement
between theory and experiment. A significant degree of hysteresis
between the heating and cooling cycles of the device’s temperature.
We attribute this to the micromirror’s settling after initial expansion
into the clearance between the 3D microstructure and the OF. This
would explain the consistent offset between the two measurements.
This hysteresis is significantly reduced in the multimaterial FPF device
due to effective material compensation.

In summary, the single-material FPF device exhibits a linear thermal
response, closely aligning with theoretical predictions. Nevertheless,
the device suffers from significant hysteresis and thermal expansion
ffects due to the use of a single material with a uniform coefficient
f thermal expansion. In contrast, the multimaterial FPF device, with
ts optimized material distribution, effectively mitigates these issues,
emonstrating improved thermal stability and performance. Fig. 5(b)
learly demonstrates that the wavelength-dependent temperature varia-
ion is significantly reduced when compared to the single-material FPF.
pecifically, the temperature coefficient is lowered from 1.48 nm/◦C
epicted from Fig. 4 down to 0.09 nm/◦C for the second resonance.
his reduction is a crucial result, as it highlights the effectiveness of the

multimaterial FPF in minimizing thermal sensitivity, which is impor-
tant for enhancing the stability and performance of devices operating
under varying temperature conditions. Furthermore, as observed in
Fig. 5(b), the temperature hysteresis has nearly disappeared when using
the multimaterial FPF.

5. Conclusion

In this paper, we demonstrated a novel approach showcasing the
fabrication of Fabry–Perot filters using a single-step multimaterial two-
photon polymerization. This direct printing technique enables the cre-
ation of high-quality optical surfaces within the 3D microstructures.
Furthermore, the unique design flexibility afforded by our clipping
system on an optical fiber tip allows for the straightforward integra-
tion of high-reflectivity coatings, potentially enhancing the cavity’s
Q-factor. By leveraging density-based topology optimization, we have
emonstrated a significant reduction in temperature-induced perfor-
ance variations. This optimized design, realized through a single-step
PP process, makes these cavities particularly well-suited for embedded
pplications where precise optical performance is critical, regardless of
he surrounding temperature. This opens up new possibilities for their
ntegration into various systems, including biological sensors and other
ensitive devices.
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