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ABSTRACT

Poly(dimethylsiloxane) (PDMS) optical waveguides are highly regarded for pressure and tactile sensing due to their high sensi-

tivity in the low-pressure range (0-100kPa), desirable optomechanical properties, and biocompatibility. While it is known that

PDMS properties are tunable via mix ratio and cure conditions, the magnitude of their effects and interactions remains unclear.

To address this, response surface methodology was used to quantify the influence of mix ratio and cure conditions on key op-

tical and mechanical properties of PDMS optical waveguides. Significant curvature was observed in the response surfaces for

transverse compression sensitivity, secant modulus, and refractive index (RI). The mix ratio was the most significant factor for

sensitivity and modulus, followed by a significant interaction with cure temperature. Cure temperature significantly influenced

the RI, primarily due to density changes, while propagation loss showed a weak, yet statistically significant, linear dependence

on mix ratio. These statistical findings are interpreted within the context of polymer science linking the empirical models to ma-

terial behavior. By applying design of experiments, this work provides a systematic framework for understanding the relationship

between fabrication parameters and the response of PDMS optical waveguides towards predictable and repeatable properties.

1 | Introduction

Over the last decade, poly(dimethylsiloxane) (PDMS) optical
waveguides have emerged as a suitable candidate for the fab-
rication of optomechanical sensors responsive to bending,
stretching, and compression [1]. For instance, PDMS optical
waveguides have been proposed for biomedical pressure sens-
ing [2-5], tactile and distributive sensing [6-11], and wearables
and smart textiles [12-16], to cite a few. Typically, such optical
waveguides operate through intensity modulation, offering a
straightforward fabrication and operation. Their working prin-
ciple relies on deformation of the optical path and local changes
in refractive index (RI) (stress-optic effect) when subjected to an
external force [17, 18]. These changes disrupt total internal re-
flection, which is crucial for waveguiding, causing some light
to escape, thereby reducing the light intensity reaching the

detector. Compared to mechanical sensors based on capacitive
and resistive mechanisms [19, 20], optical waveguide intensity-
modulated sensors offer immunity to electromagnetic interfer-
ence and corrosion, a simplified design that does not require
layers or the combination of dissimilar materials, and the ability
to perform multiparameter multiplexing [19-21].

In addition to these key features, PDMS is advantageous
over other optically transparent polymers commonly used in
optical waveguiding such as polystyrene (PS), poly(methyl
methacrylate) (PMMA), and poly(carbonate) (PC) thanks to
a high stretchability and a modulus of elasticity three orders
of magnitude lower [1, 17, 22]. The lower stiffness is associ-
ated with a higher sensitivity to low pressures [2, 5, 23], which
combined with PDMS' biocompatibility [1, 24, 25], is partic-
ularly interesting in applications that require direct contact
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with [2, 5, 13, 20, 26], or mimic soft tissues [8, 27]. In this con-
text, reference pressure values up to 100kPa are considered
appropriate for tactile sensing [28, 29], while those reaching
600kPa fall within the biomedical relevance range [21, 30-32].
Moreover, unlike thermoplastic elastomers [17, 33-35], PDMS
is typically supplied as a two-component formulation consist-
ing of a prepolymer base and a curing agent, whose process-
ing can be achieved at room conditions and without the use of
harsh solvents. Its mechanical and optical properties are also
easily tailorable by varying the base-to-curing agent mix ratio
and cure conditions [1, 36].

The ability to fine-tune PDMS optical and mechanical prop-
erties through variations in mix ratio and cure conditions has
been a subject of several studies, as extensively discussed in our
recent review article [1]. It includes efforts to establish empirical
polynomial models between these processing parameters and
RI, tensile and compressive moduli [37, 38]. Nonetheless, such
models are limited to curing temperatures above 100°C and mix
ratios with an excess of curing agent only. Besides, the influ-
ence of these variables on PDMS properties remains unclear and
inconsistent, even for a widely studied commercial PDMS such
as Sylgard 184 (Dow Chemical). For example, studies on the
relationship between curing agent concentration and RI have
yielded conflicting results, with some showing a peak RI at a
specific mix ratio, decreasing with higher or lower curing agent
concentrations [39, 40], while others reported a continuous in-
crease in RI with increasing curing agent [37, 38, 41]. Similar
discrepancies exist for tensile and compressive moduli [1, 42].
Numerous factors (e.g., PDMS batch variation, contamination,
sample geometry, experimenter bias, processing and testing
methods) complicate the establishment of a clear correlation
between variables based on existing literature, as recently ad-
dressed in a meta-analysis on PDMS mechanical properties [42].

Considering the aforementioned, the aim of this work is to bet-
ter understand the PDMS optical waveguides response surface
regarding four key properties: sensitivity to transverse compres-
sion, secant modulus, RI, and propagation loss. For that, this
study employed a design of experiments (DoE) to systematically
plan, assess, and quantitatively estimate effects and interactions
of varying Sylgard 184 mix ratios and cure conditions. DoE is
a powerful and efficient statistical tool compared to other ex-
perimental strategies. It allows for the simultaneous variation of
multiple parameters, using a reduced sample size while identi-
fying key factors and possible interactions between experimen-
tal parameters [43, 44]. Empirical models relating the responses
to the input parameters were obtained through this statistical
methodology. The results were interpreted using supporting
tests. This represents, to our knowledge, the first DoE-based
analysis of PDMS optical and mechanical properties. This work

provides a more quantitative and reproducible research frame-
work for future studies and a clearer understanding of the influ-
ence of processing parameters on property trends. Furthermore,
a linear correlation between secant modulus and sensitivity to
transverse compression is reported. Although a correlation be-
tween both variables is expected and has been previously men-
tioned, this is the first time it has been demonstrated.

2 | Materials and Methods

A Face-Centered Central Composite Design (FC-CCD) was em-
ployed to investigate the influence of mix ratio and cure condi-
tions on PDMS optical waveguides and free-standing films. This
response surface methodology, compared to other central com-
posite designs, uses only points within the originally defined
factor ranges. Unlike a full factorial design, the FC-CCD enables
the estimation of system curvature [43, 44], which is critical for
capturing the anticipated non-linear behavior of PDMS's optical
and mechanical properties under varying conditions [1].

Mix ratio and cure temperature were selected as primary factors
due to their critical impact on the PDMS crosslinking network
and related properties [1, 3, 37]. Sylgard 184 was selected as the
representative material given its widespread use [23, 42, 45, 46].
Other parameters, such as sample geometry and mixing method,
were held constant to maintain a manageable design space. The
levels for each factor were chosen based on prior research ex-
ploring Sylgard 184 mix ratios from 1:1 to 30:1 and diverse cure
conditions [3, 23, 39, 47-49]. The selected levels for the weight
ratio of prepolymer base to curing agent and cure temperature
are listed in Table 1, resulting in a total of 9 combinations.

Mix ratios equidistant from the recommended 10:1 ratio [50]
were selected, i.e., 2:1 and 18:1, representing a sufficiently
broad range for statistically significant responses. This range
ensures comprehensive coverage of both curing-agent-rich and
prepolymer-rich regimes. In terms of cure conditions, cure tem-
perature was chosen as the primary factor. Recognizing the
interdependence of cure time and cure temperature [45], the for-
mer was determined as a function of the latter to avoid incompat-
ible combinations that would lead to a poorly cured PDMS. For
this reason, “cure temperature” was used as input in the design
(Table 1) and will be used hereafter to refer to the combined cure
conditions. The minimum cure time at each temperature level
was then selected based on the Sylgard 184 technical datasheet
cure time recommendations and studies on PDMS curing kinet-
ics. Specifically, Sylgard 184 technical datasheet recommends
at least 48h of cure at 25°C, and 10min at 150°C [50]. Studies
indicate that Sylgard 184 (10:1 and 1:1 ratios) cured at room tem-
perature (22°C) reaches a plateau in oscillatory shear properties

TABLE1 | Proposed two-factor, three-level FC-CCD matrix: coded levels, actual experimental values, and design input values.
Mix ratio (Base:Curing FC-CCD cure
Coded level agent) FC-CCD mix ratio input Curing conditions temperature input
Low (-1) 2:1 2 22°C(96h) 22
Middle (0) 10:1 10 86°C (65min) 86
High (1) 18:1 18 150°C (12 min) 150
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after 20-25h, indicating solidification [3, 23]. Consequently, a
96-h duration was deemed sufficient to ensure PDMS crosslink-
ingat 22°C. For the intermediate temperature of 86°C, a 1-h cure
time was chosen, aligning with previous research using similar
temperatures (80°C-85°C) and cure times ranging from 30min
to 1h [2, 51-53]. Additionally, similar tensile modulus of elastic-
ity has been reported for cure times of 60 and 90 min, demon-
strating the formation of a stable network already in 1h [52].
Preliminary testing confirmed that a 1-h cure at 86°C yielded
waveguides with a non-tacky surface and good stretch resis-
tance. Furthermore, Bardelli et al. reported a 90% conversion
rate at 85°C after 13min under isothermal conditions [45]. To
compensate for oven ramp-up time, the cure times at 86°C and
150°C were increased by 5 and 2 min, respectively.

2.1 | Materials and Sample Fabrication

PDMS waveguides (Sylgard 184, Dow Corning) were fabricated
using square ABS tubes, yielding cuboid samples averaged
1.20+0.07mm in side length. The side length was measured
with a micrometer gauge with a flat circular presser footer (ac-
curacy within 1%=0.01 mm) by gently lowering it to the wave-
guide, as recommended by ASTM-D3767-03 (2020) [54]. This
geometry simplifies transverse compression property deter-
mination, assuming constant contact area throughout testing
[55]. To emulate conditions from a concurrent study, 300 uL of
benzene was added to the base prepolymer. The mixture was
stirred in an open beaker under a fume hood at ambient con-
ditions until 98 wt% of the solvent had evaporated (approx. 4h),
as monitored by weight loss. Subsequently, the curing agent
was added, and the mixture was manually stirred for 2min,
degassed under vacuum, and injected into ABS tubes using a
syringe. To minimize the variability associated with manual
mixing, beaker size (10mL), sample volume (4 mL), and mixing
time were standardized during sample preparation. After PDMS
curing (Table 1) and a subsequent 4-day storage period at room
conditions, the ABS tubes were dissolved in acetone to extract
the waveguides. Acetone dissolved the ABS tubes within 10 min,
whereas the waveguides remained intact due to the poor solu-
bility of PDMS in acetone [56]. In parallel with the waveguide
fabrication, free-standing films were prepared using a mold and
casting technique. Aluminum weighing pans with a diameter
of 4.3cm were used as molds, and approximately 1mL of the
PDMS mixture was dispensed into each pan. After curing, the
films were carefully peeled from the molds and then cut into
four rectangular stripes, each measuring 8 x20mm?. The aver-
age thickness of these films was determined to be 606 + 52 um.
All samples were fabricated in an interval of 4days and stored
in the dark in ambient conditions (22.0°C +0.3°C, 56% + 3% RH)
for 7weeks before undergoing further testing. SMA connectors
were attached to the waveguide ends using silicone ferrules cut
from commercial silicone tubing.

2.2 | Statistical Analysis

Both two-way ANOVA with post hoc comparisons (for the data
presented in Tables 2 and 4) and response surface methodology
(FC-CCD) were performed using Minitab software (version 22.3)
with a confidence level of 95% (x=0.05). Prior to the two-way

ANOVA for each measured property, normality (Ryan-Joiner test
for each combination) and homogeneity of variances (Levene's
test) were assessed. These assumptions were confirmed for all
properties, with the exception of propagation loss, where the lim-
ited number of replicates prevented a formal test of homogeneity
of variances. The two-way ANOVA was employed to test the sig-
nificant effects of the two factors (mix ratio and cure temperature)
on each measured property. In cases where significant effects
were found, the Tukey method was subsequently used for post hoc
pairwise comparison of means, identifying which specific com-
binations of factors were significantly different from each other.
The number of replicates varied based on the measured property,
with all FC-CCD points replicated at least twice. This approach,
departing from the usual practice of replicating only the center
point for error estimation, increased the number of experimental
runs. However, it provided a more thorough understanding and
estimation of the error across the design space, which was particu-
larly valuable given the inherent variability in mechanical testing
[36]. Runs were randomized during data collection. Compression
sensitivity and secant modulus response surface analysis included
blocks to account for data collection on different dates. All terms
were included in the full-quadratic regression models.

2.3 | Optomechanical Testing

Transverse compression testing was performed using an Alliance
RF/200 testing machine (MTS Systems Corporation, USA). The
testing setup included an aluminum base and an aluminum in-
denter with a contact area of 0.8 X 15mm? connected to one of three
load cells (10, 100, or 1000N) to accommodate varying force ranges
(Figure S1). The 10N load cell (average noise of 0.0028 +0.0008 N)
was specifically chosen for measurements at low deformations and
low stress levels to achieve optimal signal resolution. The 100 and
1000N load cells (average noise of 0.023+0.006 and 0.21+0.05N,
respectively) were employed to extend the testing range to higher
compression values up to failure. The aluminum base was lev-
eled in x and y axes using a 3D stage mounted on a breadboard
to ensure a uniform force distribution on the waveguide contact
area. The indenter was carefully centered and aligned directly
above the waveguide without initial contact or preload. The true
zero point was determined as the onset of force increase. Quasi-
static compression was applied at a crosshead displacement rate
of 0.001 mm/s (0.06 mm/min, ~0.0008/s strain rate). All tests were
carried out at 22.5°C+0.7°C and 26% +7% RH.

Nominal stress (o) was calculated as F / A;, where A, represents
the contact area between the indenter and the waveguide.
Nominal strain (¢) was calculated as AL / L;, with L; denoting the
initial side length of the waveguide. For optical characterization,
waveguides were coupled to a non-polarized white light source
(peak at 660nm, HL-2000-HP, Ocean Optics Inc.) via a 600-pum
optical fiber (QP600-025-SR-BX, Ocean Optics Inc.). The light
transmitted through the waveguide was then analyzed using a
high-resolution spectrometer (HR4000CG, Ocean Optics Inc.).
The spectrometer’s integration time was adjusted to achieve
approximately 14,000 counts (approx. 2000 us), with a data ac-
quisition rate of 1 Hz. The optical peak intensity at 664 nm was
normalized to its initial value (I x 100/I,,). Time synchroniza-
tion of mechanical and optical data and optomechanical data
processing was performed using Matlab software R2024a.
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2.4 | Refractive Index Measurement

The RI of the free-standing films was determined using an Abbe
refractometer (AR-2, Azzota LLC) illuminated with ambient
light (peak wavelength of 603nm). The temperature (T) at the
end of each measurement was used to calculate the RI at a stan-
dardized temperature of 20°C (RI?° = RIT 4 0.00045(T — 20)).

2.5 | Propagation Loss

The cutback method was used to determine the propagation loss
of the waveguides coupled to the HL-2000-HP white light source
with peak wavelength of 660nm. The transmitted optical power
was measured using a photodiode (S120C, Thorlabs Inc.) con-
nected to a power meter interface (PM100USB, Thorlabs Inc.). The
waveguides were cut into 1cm increments using a razor blade. The
total optical loss in dB, calculated as10log,, (P;, / P, ). Was plotted
as a function of the waveguide's propagation length (cm) and the
slope of the resulting linear fit was taken as the propagation loss.

2.6 | Density

Density of selected samples was determined using a helium pyc-
nometer (Ultrapyc 5000, Antoon Paar) in pulse mode. Results
are reported as an average of 5 to 10 runs.

2.7 | Crosslink Density and Sol Fraction
Determination

The crosslink density (v) was determined via equilibrium swell-
ing tests conducted at room temperature (22°C), adapted from
methods found in the literature [3, 57, 58]. First, the PDMS wave-
guides were cut into smaller pieces, transferred to glass vials
(approximately 90mg per vial), and their initial mass (m;) was
recorded. Then, 4.5mL of chloroform (Sigma-Aldrich, >99.5%)
was added to each vial. After 24h of immersion, the chloroform
extracts were replaced with fresh chloroform. Following another
28 h of immersion in chloroform, the samples were removed from
the solvent and allowed to dry under a fume hood for 66 h at room
temperature. Subsequently, the samples were swollen in toluene
(Sigma-Aldrich, >99.5%) for 96h. Excess toluene was carefully
removed with lint-free wipes, and the swollen samples were im-
mediately weighed (mg,). Finally, the samples were left to dry
for another 66 h, and the final dry mass recorded (mg,,). The sol
fraction, dry polymer density after extraction (p), volume frac-
tion of polymer in the swollen network (¢,), and crosslink density
assuming a phantom network were calculated using Equations
(1-5) [58, 59].

. m; — mdry

sol fraction (%) = — X 100 @
i

sol fraction

P=po\1=—750 @
1

p=—————

b ﬂ(h — 1) +1 3
Ps \ Mgy

- In(1-¢,) + ¢, + 1,’ @
T /3 _ 2
(Vo = )

x =044 40366, )

where p, is the average polymer density measured by helium
pycnometry (1.046+0.004 g/cm?), p, is the solvent density (tol-
uene, 0.865g/cm?) [58], V, is the molar volume of the solvent
(106.52 cm3/mol) [58], V, is the volume fraction of linked chains
in the dry polymer network which is equal to 1, as the free chains
were previously extracted (Figure S2), y is the toluene-PDMS
interaction parameter (Equation 5), and f is the functionality of
the crosslinks, assumed to be 4 [58, 59].

3 | Results and Discussion

Rounded-square cross-section PDMS optical waveguides
(Figure 1a) were fabricated following the conditions outlined in
Table 1, by mixing the base polymer with the curing agent and
injecting the resulting liquid mixtures into square ABS tubes.
Following the curing process, the optical waveguides with av-
erage side length of 1.20+£0.07mm and 13.5cm long were re-
trieved by dissolving the mold. To assess their response to
transverse compression, the waveguides were coupled to a white
light source and a spectrometer and subjected to compression
between an aluminum base and an indenter using a testing ma-
chine (Figure 1b and Figure S1). Figure 1c illustrates the princi-
ple oflight guiding via total internal reflection (TIR) in the initial
unloaded state. In air-clad optical waveguides, such as those
used in this work, the RI of the core (n,) is higher than that of the
surrounding medium (n,, air), which is a fundamental require-
ment for TIR. TIR is sustained provided the angle of incidence
6 exceeds the critical angle, defined as 8, = sin™" (n, /n,) [60].
Upon the application of transverse compression (Figure 1d),
the waveguide undergoes mechanical deformation. This in-
troduces geometric perturbations (such as macrobending) and
local RI changes [17, 18]. When the local incidence angle drops
below the critical angle (6 < 6,), the TIR condition is violated.
Consequently, a portion of the light refracts out of the core (I,)
causing optical loss [17, 60]. This light outcoupling results in a
reduced optical output intensity (I, — I,), which correlates to the
applied pressure.

The PDMS optical waveguides presented a non-linear change in
normalized transmitted optical intensity as a function of com-
pressive stress, as shown in Figure 2a. Thus, sensitivity to com-
pression (S,,,,p,) Was determined as the slope of the best linear
fit (0.94<R?<0.99) up to a compressive stress of 100kPa, as
given in Figure 2b. A compressive stress of 100kPa, correspond-
ing to strains between 8% and 17%, falls within the approximate
range where Hooke's law (6 = E¢) remains reasonably valid
for silicone elastomers (i.e., 10%-15% strain) [36, 57, 61], and is
relevant to both tactile [28, 29] and biomedical [21, 30-32] ap-
plications. Depending on the optomechanical behavior of the
waveguides, it was possible to extend the pseudo linear range
with a good fit to higher stresses values as given in Table S1.

To better understand the relationship between sensitivity and
compressive elastic modulus, the latter was calculated using the
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FIGURE1 | (a)Representative picture of a PDMS optical waveguide, with an inset depicting the respective cross-sectional micrograph. (b) Close-

up picture of the PDMS optical waveguide positioned between the indenter and the aluminum base during the compression experiment. (c) Schematic

diagram illustrating the waveguide working mechanism. [Color figure can be viewed at wileyonlinelibrary.com]
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secant modulus approach for a compressive stress of 100kPa.
While ASTM D638-14 is primarily a tensile testing standard, its
principles for secant modulus calculation were adapted for trans-
verse compression [62], because of the typical non-linear stress—
strain behavior characteristic of PDMS elastomers under tension
or compression. In addition to sensitivity to compression and se-
cant modulus (E,,,p,)» RI under ambient light and white light
propagation loss were also measured considering their relevance
in optical waveguiding. The corresponding means for the mea-
sured properties of the nine combinations are given in Table 2.

The compression sensitivity up to 100 kPa of the PDMS waveguides
prepared at a 2:1 mix ratio and cured at 150°C (02-150) in this study

(Table 2) is slightly lower but aligns reasonably well to that re-
ported for microfluidic wet-spun PDMS waveguides fabricated at
a 1:1 mix ratio (—0.40%/kPa) [23], despite inherent methodological
variations. In contrast, the sensitivity of the 10-150 optical wave-
guides was nearly double that reported for waveguides fabricated
at a 10:1 mix ratio and cured at 125°C for 37 min (-0.06%/kPa) [3].
Furthermore, the secant moduli (E,,,,. Table 2) trend showed
good agreement with literature [13, 61, 63-65], with deviations
from the 10:1 mix ratio generally resulting in lower moduli. The
effect of cure temperature on the secant modulus was mix ratio-
dependent. At a 2:1 ratio, the modulus decreased with increasing
temperature, whereas at 10:1, no significant temperature depen-
dence was found. An inverse trend was observed for the 18:1 ratio.
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TABLE 2 | FC-CCD combinations and their corresponding responses.

Mix ratio (Base: Curing

SlOOkPa(_%/

Ejporpa (MP2) Propagation loss

agent) Cure T (°C) Label kPa) (n=5) (n=5) RIat20°C (n=4) (dB/cm) (n=2)
2:1 22 02-022 0.21+0.03* 0.86+0.01* 1.4126+0.0001* 0.26+0.022
86 02-086 0.22+0.03* 0.77+0.020 1.4136+0.0001° 0.25+0.022
150 02-150 0.35+0.01° 0.60+0.01¢ 1.4137+0.0002b¢ 0.24+0.022
10:1 22 10-022 0.14+0.01¢ 1.19+0.024 1.4131 +0.0001¢ 0.25+0.01*
86 10-086 0.10£0.01¢ 1.22+0.034 1.4139+0.0002¢ 0.23+0.01*
150 10-150 0.12+0.02¢ 1.21+0.014 1.4139+£0.0001¢ 0.25+0.01*
18:1 22 18-022 0.26+0.01* 0.63+0.03¢ 1.4129+0.00014 0.27+0.01*
86 18-086 0.21+0.04% 0.64+0.03¢ 1.4136+0.0001° 0.27+0.04*
150 18-150 0.22+0.03* 0.70+0.02f 1.4137+0.0001° 0.28+0.02%

Note: Means within a column sharing the same superscript letter are not significantly different (p <0.05), and n denotes the number of replicates per combination.

The lower secant modulus of the 02-150 PDMS waveguides com-
pared to those cured at lower temperatures (02-022 and 02-086),
along with the lack of cure temperature dependence for the 10:1
mix ratio, were unexpected, as higher cure temperatures typi-
cally yield stiffer PDMS [1]. To address these discrepancies, we
first considered the potential aging effect, as it has been shown
that the modulus of freshly prepared PDMS samples strongly de-
pends on curing time and temperature, changing significantly
over 4weeks [66]. Furthermore, aged PDMS exhibited mechani-
cal properties similar to those of freshly prepared samples cured
at higher temperatures or for longer periods [67]. In our study,
samples were stored at room temperature for an additional
7weeks between preparation and testing to promote crosslinking
and stabilization of properties, a strategy supported by the long-
term measurements provided in the Supporting Information
(Table S2). We also investigated the possibility of a sample swap
for 02-022 and 02-150 waveguides. Therefore, new 02-022 and
02-150 waveguides were prepared and tested within 10days to:
(i) verify any aging effect, and (ii) confirm the sample identity.
These new samples replicated the original findings, with a lower
secant modulus for the 02-150 waveguides and mean values not
statistically different from those tested after 7weeks. Supporting
these results, a similar trend was reported for Sylgard 184 PDMS
with a 6:1 mix ratio (excess of curing agent) [52]. For instance,
under curing conditions similar to those used in this study (85°C
for 60min and 150°C for 15min), reported tensile elastic moduli
were 1.65MPa and 1.57MPa, respectively. In contrast, curing
at room temperature resulted in a lower modulus of 1.30 MPa,
which we attribute to insufficient aging time for complete prop-
erty stabilization [52]. Additional experiments were conducted
to further elucidate this behavior, and the results are presented
later in Section 3.2.

As shown in Table 2, the lowest RI occurred for samples cured
at22°C across all mix ratios. RI values for samples cured at 86°C
and 150°C were not significantly different, which is consistent
with previously reported temperature dependencies [40, 53, 68].
The mean RI values were slightly higher for the 10:1 mix ratio
across all cure temperatures, also aligning with previous ob-
servations [39, 40]. In terms of propagation loss, values across
all tested combinations were comparable to those measured at
520-660nm [3, 23, 69]. The variability in propagation loss was

lower at the 10:1 mix ratio, likely due to the higher stiffness
of these waveguides, which facilitated handling and alignment
and reduced the potential for microbending contributions to
optical loss. While not statistically significant (Table 2), the 18:1
mix ratio exhibited slightly higher propagation losses, poten-
tially due to increased optical absorption from unreacted vinyl
groups and Rayleigh scattering induced by inhomogeneities as-
sociated with unreacted chains [60] (see Section 3.2 for detailed
discussion).

3.1 | FC-CCD Analysis

Response surface regression analysis using the FC-CCD was per-
formed to identify and estimate the influence of the tested factors
(mix ratio and cure temperature) and their interaction on S, p,s
Eyoere» RL and propagation loss. The initial analysis included all
linear and quadratic terms for mix ratio and cure temperature,
as well as the interaction term. For S, ,, and E,, ., the equa-
tions were averaged over blocks to improve the precision of effect
estimates, as data collection spanned several days. The resulting
regression equations are presented in Equations (6-9).

S100kpa (— %/kPa)=0.2873-3.6x1072A—4.9x10™*B+2.07x 1073
A?+9.36x107°B>—8.85x10"°AB
(6)
Ejooepa (MPa)=0.6321+0.1374A—1.49x 107°B
—7.82x1073A%-3.11x107°B*+1.58 x10*AB
@)
RI(a.u.)=1.4119+1.14x10"*A+2.59%x107°B

®
—4.45%107%4% -9.7x1078B>-2.03x107’AB

Prop. loss (dB/cm)=0.2717—4.47x1073A—4.26x10*B+2.61x107*
A?4+2.04%x107°B2+8.10x107°AB

©)

where A corresponds to the mix ratio (2, 10 or 18), and B to the
cure temperature (22°C, 86°C, or 150°C).
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The coefficient of determination (R?) values indicate that the mod-
elsexplain 0.896,0.985,0.966, and 0.446 of the variability in S, ..,
E ,0cper R1> and propagation loss, respectively. The analysis of vari-
ance (ANOVA) results confirm that the models in Equations (6-8)
are statistically significant (p-values <0.05, Tables S3-S5), al-
though Equations (6) and (7) also exhibited a significant lack-
of-fit. This lack-of-fit can be attributed to the influence of other
variables, including shear stress, sample alignment, waveguide
surface roughness, and light scattering at interfaces, which were
not accounted for in the models. For E, ,,,, the cure temperature
quadratic term (B?) p-value (Table S4) was greater than the signif-
icance level «=0.05, meaning that it is not statistically significant.
Upon removing this term, the significance of the other model terms
remained robust and the R? value was essentially unchanged, jus-
tifying the use of a reduced model. Regarding propagation loss,
the initial response surface model (Equation 9) was not significant
(p-value=0.162, Table S6) likely due to the high variability in the
measurements, reflected by the large standard deviations (Table 2)
and an over-parameterized quadratic model. This considerable
level of noise may have masked any underlying causal links even
though standard deviations corresponding to 4%-15% of the mean
are in line with previously published results [3]. Based on this, the
model for the propagation loss (Equation 9) was simplified to con-
sider only the significant mix ratio term (A), which yielded a sta-
tistically significant linear model, Equation (10), with a p-value of
0.045, a non-significant lack-of-fit (p-value =0.458, Table S7), and
an R? of 0.228.

Prop. loss (dB/cm) = 0.2408 + 1.446 x 1073A (10)

Although this model’s R? is lower than the initial 0.446, it is a
more realistic measure of a weak but significant linear relation-
ship between propagation loss and mix ratio, as indicated by the
ANOVA results. The positive coefficient for the mix ratio can be

attributed to an excess of light-absorbing vinyl groups at the 18:1
ratio, as the prepolymer base is present in excess. This observa-
tion highlights how the sign of the coefficients in the regression
equations provides insight into the relationship between the fac-
tors and the measured properties. The corresponding response
surface plots for the models in Equations (6) to (10) are shown
in Figure 3.

Positive coefficients for the linear terms (A and B) indicate
that increasing the factor leads to an increase in the response.
Conversely, negative coefficients indicate an inverse relation-
ship. For the quadratic terms (4% and B?), a positive coefficient
corresponds to a concave-up curvature in the response surface
plots, suggesting a minimum value within the investigated ex-
perimental range as shown in Figure 3a. A negative coefficient
for the quadratic term indicates a concave-down curvature and
a peak response (Figure 3b,c). When a negative linear term is
combined with a positive quadratic term, the response decreases
initially to a minimum before increasing again as the factor's
value increases. For the interaction term (AB), a negative coeffi-
cient implies that the positive impact of one factor is reduced, or
the negative impact is enhanced by the other factor. Moreover,
response surface plots allow for the rapid identification of re-
sponsive regions. Notably, Figure 3a displays a sensitivity peak
between 2:1 and 10:1 at higher cure temperatures, highlighting
the region where system performance is most dependent on the
tested parameters.

Considering the good quality of the residual plots (Figures S3-S5,
and S7), one can state that the models are useful approximations,
capturing most of the important relationships between variables
and responses, even though they are not a perfect representation
of the response surface. It is important to note that the regression
models are valid strictly within the tested ranges and are specific
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to the design space of Sylgard 184. Distinct PDMS formulations
(e.g., Sylgard 186) or composites modified with nanofillers pos-
sess fundamentally different physicochemical characteristics
such as variations in molecular weight, polydispersity index, and
filler content that would inherently alter the response surface.
Nevertheless, the DoE-based framework established in this work
provides a robust and reproducible protocol that can be readily
adapted to characterize and optimize these alternative polymer
systems.

The magnitude and importance of all terms in the models
(Equations 6-9) have been ranked using the Pareto chart of stan-
dardized effects as shown in Figure 4. The standardized effects
are based on t-tests, with bars crossing the reference line repre-
senting terms that are statistically significant at the 0.05 signif-
icance level.

The Pareto charts (Figure 4a,b) show that the mix ratio qua-
dratic term (A2) is the most statistically significant factor in-
fluencing both S, ., and E,,, , followed by a significant
interaction with cure temperature (AB term). This aligns with
the strong curvature along the mix ratio axis in the response
surface plots (Figure 3a,b). For RI, cure temperature emerges
as the primary factor (Figure 4c), in line with the statistically
significant RI difference between samples cured at higher
temperatures and those at 22°C (Table 2), and the pronounced
curvature along the cure temperature axis in Figure 3c. This
observation is consistent with the findings of Santiago-Alvaro
et al. [38]. The Pareto chart related to the initial quadratic
model of propagation loss (Figure 4d) visually confirms the
ANOVA results (Table S6). It shows that the linear term for
mix ratio is the only effect to cross the significance thresh-
old (¢=0.05), as previously discussed, supporting the deci-
sion to simplify the model to the linear regression shown in
Equation (10).

The effect of cure temperature on RI is directly linked to den-
sity variations [39, 70], a behavior consistent with the Lorentz-
Lorenz theory. For instance, samples with the lowest mean RI
(02-022 and 18-022) exhibited densities of 1.0442+0.0027 and
1.0449+0.0023g/cm?, respectively, whereas the sample with
the highest mean RI (10-150) had a density of 1.0481+0.0026g/
cm?. This relationship is further evidenced by the linear cor-
relation between density and the Lorentz-Lorenz parameter,
(n? —1) / (n* + 2), as shown in Figure 5. The calculated slope of

0.2385cm?/g represents the specific refraction and aligns well with
reported values for PDMS [70]. Higher cure temperatures promote
volume shrinkage via polymer chain rearrangement and forma-
tion of a denser network, likely accompanied by the elimination of
volatile compounds such as oligomers and solvents [71].

3.2 | Correlations Between Responses and Polymer
Network Properties

Considering that the response surface plot of S, , closely resem-
bles the inverted trend of the E,,, ,, one (Figure 3a,b), the former
was plotted as a function of the latter in order to better understand
the correlation between these two responses. The plot along with
the linear regression equation is given in Figure 6.

Figure 6 shows the expected inverse relationship between
waveguide secant modulus and sensitivity to transverse com-
pression. Stiffer waveguides are less prone to deformation
under compression, leading to lower optical attenuation and
consequently reduced sensitivity [2, 23, 72]. The linear regres-
sion model reasonably describes the negative correlation be-
tween S, p, a0d E,, p, With an R? of 0.813 and a root mean
squared error (RSME) of 0.034. This RMSE represents approx-
imately 12.4% of the total sensitivity range, which is notably
high. While this linear model may not be suitable for precise
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predictions, it effectively captures a strong relationship for
general trend analysis. Considering that PDMS modulus is
dependent on the crosslink density and the amount of de-
fects present in the network (e.g., loops, unreacted functional
groups, branched and dangling chains) [36, 57, 73], we also
determined the sol fraction and crosslink density via equi-
librium swelling tests to further elucidate and support these
findings. The results are presented in Table 3.

The 10-086 waveguides exhibited the highest crosslink density,
which did not result in a statistically significant increase in their
measured modulus compared to 10-022 and 10-150 (Table 2).
Considering the general trends observed in this study, PDMS
optical waveguides exhibiting the highest crosslink density and
lowest sol fraction were consistently obtained at the manufacturer-
recommended 10:1 mix ratio (Table 3), corroborating findings in
the existing literature [3, 58, 65]. These results are expected as
deviations from the 10:1 ratio, assumed to approximate the stoi-
chiometric ratio between the prepolymer base and curing agent
[39], lead to more defective networks, particularly with a higher
concentration of unreacted functional groups. These defects de-
crease the fraction of elastically effective polymer network per
unit volume responsible for the final PDMS mechanical proper-
ties [65, 73]. While acknowledging the limitations of equilibrium
swelling experiments and the complexity of precisely quantifying
PDMS network features, such as the nature and amount of defects,

TABLE 3 | Extracted sol fraction (%) and crosslink density for all
FC-CCD combinations.

Crosslink density

Sample Sol fraction (%) (Xx10~*mol/cm?)
02-022 9.50£0.53 5.4+0.28
02-086 12.32+0.03 4.4+0.02
02-150 12.30£0.83 2.8+0.05
10-022 5.01+£0.41 6.2+£0.18
10-086 5.01+0.04 7.2%+0.07
10-150 5.02£0.21 6.2+0.20
18-022 9.37+£0.43 2.0+0.14
18-086 9.23+0.02 2.3+0.12
18-150 8.51+0.07 2.7+0.01

and their influence on PDMS elastic properties, along with other
parameters like precursor polydispersity index and filler content
[73], our results support this conclusion.

For PDMS waveguides prepared with an excess of the prepolymer
base (18:1 mix ratio), increasing cure temperature correlated with
enhanced crosslink density and a concomitant reduction in sol
fraction. This observation is consistent with the expectation that
elevated temperatures likely promote the formation of more cross-
links by minimizing network defects and suppressing secondary
reactions albeit the limitations imposed by an nonstoichiometric
reaction [3, 58]. Conversely, an inverse trend was observed when
the preparation conditions included an excess of curing agent, spe-
cifically in waveguides prepared at a 2:1 mix ratio (Table 3).Itis gen-
erally accepted that increasing the amount of curing agent would
lead to a decrease in the size of dangling chain defects within the
polymer network leading to an increase in modulus and crosslink
density [73]. However, this effect is likely limited to a certain ex-
tent, particularly when the concentration of Si—H groups signifi-
cantly surpasses the total number of vinyl groups available for the
crosslinking reaction. Analysis of the as-prepared waveguides via
ATR-FTIR spectroscopy revealed that the relative amount of un-
reacted hydride groups (Si—H), calculated by the ratio I,,¢, /I 015
(Figure S8, Table S8), was 3-5 times higher at the 2:1 mix ratio.
This elevated level is attributed to the stoichiometric excess of the
curing agent, which contains the Si—H functional group [3, 57].
We hypothesize that under these specific conditions, elevated cure
temperatures accelerate the reaction rate, promoting the localized
formation of network defects, particularly short chains. These spe-
cies are excluded from the crosslinked network and may also act
as plasticizers [57, 59]. In contrast, at room temperature (22°C), the
slower reaction kinetics allow for greater diffusion of unreacted
molecules within the mixture. This increased diffusion time en-
hances the probability of these molecules reacting with available
functional groups, thereby increasing the crosslink density and
reducing the population of elastically inactive defects. This hy-
pothesis is corroborated by several observations: (i) the higher sol
fraction measured for the 02-086 and 02-150 waveguides (Table 3),
(ii) the lower relative amount of Si—H in the as-prepared 02-022
waveguides (Table S8), and (iii) a consistent reduction in the rela-
tive Si—H content for all waveguides prepared at the 2:1 mix ratio
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following sol fraction extraction (Table S8). Furthermore, the 02-
150 waveguides exhibited a crosslink density comparable to the
18-150 waveguides. However, the 02-150 material is softer, sug-
gesting a more defective network structure that compromises its
mechanical response.

Regarding the RI, the measured crosslink density (Table 3) did
not exhibit a strong correlation with the observed RI values
(Table 2). Instead, the RI trend is better explained by changes
in bulk density, as previously discussed (Figure 5). We attribute
this divergence to the distinct roles of the sol fraction and sil-
ica fillers in Sylgard 184. While crosslink density estimations
effectively capture relative differences in the elastically active
network and directly correlate with the modulus, they do not
account for the sol component present in the bulk material.
Furthermore, silica fillers interact with the polymer chains and
introduce non-affine behavior during swelling, which does not
translate equivalently to RI and density measurements.

Similarly, propagation loss was not directly proportional to cross-
link density. Instead, optical attenuation in PDMS is primarily gov-
erned by the intrinsic absorption of chemical bonds and Rayleigh
scattering arising from density fluctuations and material inhomo-
geneities [60]. Notably, the 18:1 mix ratio, which exhibited slightly
higher propagation loss (Table 2), contains a large stoichiometric
excess of the vinyl-containing prepolymer base. Due to the insuf-
ficient quantity of curing agent, a significant concentration of un-
reacted vinyl groups remains within the bulk material. Although
UV-Vis spectra of the free-standing films revealed no specific
absorption bands across all combinations (Figure S9a), the chlo-
roform extracts (containing the sol fraction) for the 18:1 samples
exhibited increased absorption in the 240-350 nm range attributed
to m— 1* electronic transitions of vinyl groups (Figure S9b) [74].
While this absorption peaks in the UV range, at the extended op-
tical path lengths characteristic of waveguides, it can manifest as
an absorption tail extending into the visible range [74]. This likely
contributes to the measured propagation loss, particularly given
the use of a broadband white light source. Furthermore, the lower
degree of crosslinking at 2:1 and 18:1 ratios results in a higher
sol fraction (Table 3). The resulting abundance of free polymer
chains could act as optical inhomogeneities, potentially increasing
Rayleigh scattering compared to a tightly crosslinked network.
However, the lack of statistical difference (Table 2) prevents defin-
itive conclusions regarding this mechanism.

3.3 | Ultimate Properties and Cyclic Compression

The ultimate mechanical properties of all FC-CCD combinations
under transverse compression, along with the behavior of se-
lected waveguides under cyclic compression, were also evaluated
to provide a comprehensive understanding of their performance.
Figure 7 presents the corresponding stress-strain curves and
Table 4 the average compressive strength and strain at break.

The compressive strength at break of the waveguides closely fol-
lowed the trends previously observed for the secant modulus,
exhibiting peak values at the 10:1 mix ratio and a significant
temperature dependence for waveguides prepared at the 2:1 ratio
(Table 4). Waveguides fabricated at the 10:1 ratio demonstrated the
highest mean compressive strength (Table 4), showing a serrated
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FIGURE 7 | Representative stress-strain curves for the nine FC-
CCD combinations under transverse compression. [Color figure can be
viewed at wileyonlinelibrary.com]

TABLE 4 | Compressive strength and strain at break for all FC-CCD
combinations.

Compressive
Compressive strength strain at break

Sample at break (MPa) (n=4) (%) (n=4)
02-022 6.8 +0.420 92+ 70
02-086 5.5%0.5% 834220
02-150 4.5+0.4° 78 +8°
10-022 10.6+1.24 91+ 5%
10-086 12.4+1.1¢ 924 3ab
10-150 12.4+0.6° 94+ 7
18-022 6.9+0.32b 91 +28b
18-086 6.6+0.92 93+62
18-150 7.4+0.5 84 +112b

Note: Means within a column sharing the same superscript letter are not
significantly different (p <0.05), and n denotes the number of replicates per
combination.

pattern observed near the end of the test, at approximately 10MPa
and 95% strain (Figure 7, orange ellipsis). This serration is at-
tributed to the formation of localized fractures observed at the cen-
ter of the indenter's contact length that caused temporary drops in
the measured stress. However, because the material is still capable
of deforming and a less defective network can redistribute stress
stopping crack propagation, the stress then increases again until
the next localized failure event occurs. It is interesting to note that
while the compressive strength varied significantly among the
formulations (4.5-12.4 MPa, Table 4), the strain at break remained
consistently high overall (>78%). The stronger samples (10:1 mix
ratio) possessed a higher crosslink density (Table 3), requiring
significantly higher stress to deform. However, since the failure
mechanism in transverse compression is governed by geometric
confinement and the ultimate shear limit of the PDMS chains, all
samples were able to undergo extensive deformation before the
onset of fracture, regardless of their stiffness. Despite exhibiting
the lowest strength and strain at break, the 02-150 waveguides
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still operated considerably beyond their linear (100kPa) and ex-
tended linear ranges (Table S1). This suggests a safe operational
margin, even when the applied compression significantly exceeds
the sensing range. It is also noteworthy that, even after fracture
and substantial damage along the optical path, all waveguides re-
tained optical signal transmission. The transmitted light intensity
ranged from 17% to 44% of the original value, depending on the
extent of damage. This residual functionality enabled continued
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use by adjusting the spectrometer's integration time and applying
pressure to an undamaged section of the waveguide.

To assess their behavior under repeated mechanical stress,
one optical waveguide for each mix ratio cured at 150°C, i.e.,
02-150, 10-150, and 18-150, was subjected to cyclic compres-
sion (Figure 8). The test protocol comprised 15cycles across
three peak stress levels: five cycles at 100kPa (the level used
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FIGURE 8 | Cyclic compression response of waveguides 02-150, 10-150, and 18-150. (a-c) Normalized transmitted optical intensity and com-

pressive stress versus time. (d-f) Corresponding stress-strain curves. Insets highlight the initial 5cycles at 100kPa followed by 5cycles at 200kPa.

The color gradient indicates the progression of compression cycles, transitioning from red (first cycle) to dark blue (final cycle). [Color figure can be

viewed at wileyonlinelibrary.com]
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for sensitivity and secant modulus calculations), five cycles at
200kPa (twice the initial limit), and five cycles at 2MPa (ap-
proaching the optomechanical response plateau shown in
Figure 2a). A 45-s holding period was implemented at the end
of each loading step, and a similar recovery period was applied
after each unloading step. Compression sensitivity for both load-
ing and unloading segments was estimated using the slope of
the best linear fit. Additionally, the lower and upper limits of
normalized optical intensity reached during the holding and
recovery periods, respectively, were assessed to verify the re-
peatability and consistency of the waveguides' response. For
the final five cycles at 2 MPa, the linear fit was restricted to the
200kPa range due to the non-linear optomechanical response
observed at higher stresses (Figure 2a) while still allowing for a
reasonable linear fit. The average sensitivity during loading and
unloading, along with the lower and upper limits of normalized
transmitted optical intensity, were averaged across five cycles
within each compression range and are presented in Table 5.

All optical waveguides exhibited consistent sensitivity during
loading and unloading up to 200kPa, with drifts in the lower
and upper limits of normalized optical intensity not exceeding
2% (Table 5, Figure 8). This indicates a repeatable optical signal
response. A minor decrease (1.5%-4.0%) in the upper limit was
observed after the first loading-unloading cycle for all wave-
guides (Figure 8a-c). This initial change is likely a combination
of test setup factors, such as sample seating and adjustment, par-
ticularly during the initial phase of testing, and the material’s
own response, such as stress relaxation [46].

The 02-150 waveguide showed a decrease in sensitivity above
100kPa due to a lower linearity (Table 5). It also presented an
additional decrease in the upper limit of approximately 4%
during the recovery period of the last five cycles within the
0-2MPa compression range. This behavior is attributed to more
pronounced stress softening compared to the other tested wave-
guides, as evidenced by a rightward shift in its stress-strain
curve with each new cycle in the 0-2MPa range (Figure 8d).
In contrast, the other two waveguides exhibited some stress
softening during the initial 0-2MPa cycle (light blue curves in
Figure 8e,f), with negligible softening afterwards. All wave-
guides displayed hysteresis, with the mean sensitivity during

unloading from 2MPa being consistently higher than that ob-
served during loading (Table 5). Stress softening in PDMS is at-
tributed to mechanisms such as chain entanglement, scission,
slippage, and detachment from the filler [57, 75-77]. Meanwhile,
hysteresis is ascribed to internal friction, chain relaxation and
changes in free volume [57, 75]. Given that a more defective
network possesses a less robust structure and higher chain mo-
bility, it is inherently more susceptible to hysteresis and stress
softening, as shown by the 02-150 waveguide in Figure 8d [57].
Nevertheless, the 02-150 waveguides demonstrated a compara-
ble performance to the other tested waveguides up to 200kPa,
which should be considered as the operating limit range for this
particular recipe.

Furthermore, while this study focuses on room temperature
characterization, literature data suggests that these results re-
main valid across a broader temperature range. Mechanically,
Sylgard 184 (1:1 mix ratio) optical waveguides exhibited a con-
stant storage modulus between —30°C and 90°C at 3% tensile
strain, indicating that the material maintains its structural stiff-
ness across this range [23]. Optically, waveguides with a 20:1
mix ratio showed stable normalized optical transmission under
20kPa loading, with a negligible shift from 85.9% +0.9% at 21°C
to 85.4% +2% at 38°C [4]. This thermal stability is further cor-
roborated by Sharma et al., who reported a stable optical signal
in the 30°C-45°C range [3]. Moreover, unloaded 10:1 optical
waveguides demonstrated a low linear optical loss of 0.0022 (dB/
cm)/°C across the 24°C-70°C range, corresponding to an opti-
cal transmission drop of 0.05%/cm per degree Celsius [78]. This
temperature effect can be easily compensated for by the normal-
ized optical transmission approach employed in our study.

4 | Conclusion

PDMS optical waveguides were assessed using the FC-CCD, a
response surface methodology, enabling a comprehensive un-
derstanding of how mix ratio and cure conditions influence
key mechanical and optical properties. This approach revealed
significant curvature in the response surfaces for sensitivity to
transverse compression, secant modulus, and RI, while prop-
agation loss exhibited a weak linear trend. Additionally, the

TABLE 5 | Cyclic compression response: average sensitivity, lower and upper limits of normalized optical intensity at each compression range.

Compression

Sample range (kPa) S (—%/kPa) loading S (—%/kPa) unloading Lower limit (%) Upper limit (%)

02-150 0-100 0.35+0.01 0.36£0.01 64.0£0.3 97.9+0.5
0-200 0.27+0.005 0.27+0.004 46.2£0.5 98.5£0.5
0-2000 0.24£0.01 0.34+0.02 9.2x1.5 939£1.9

10-150 0-100 0.09+£0.01 0.09+0.01 89.0+0.6 97.9+0.4
0-200 0.09£0.003 0.09£0.004 79.6 £0.6 97.0£0.8
0-2000 0.08 £0.01 0.11£0.005 47.4+£2.0 98.4£0.6

18-150 0-100 0.20£0.01 0.20£0.01 78.4x1.6 97.5x1.0
0-200 0.19+0.01 0.19+0.01 60.8+£0.9 97.9+1.3
0-2000 0.20£0.01 0.23+£0.01 18.5£1.5 97.4+1.6
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regression equations derived from this approach provide a basis
for the targeted optimization of PDMS waveguide performance.

For sensitivity and secant modulus, the mix ratio was identified
as the key controlling parameter, as it directly influences the
PDMS network structure, followed by a statistically significant
interaction between mix ratio and cure temperature. Notably,
although changes in cure temperature have a smaller impact on
these two properties, cure temperature presents a statistically
significant effect when varied concurrently with the mix ratio
within the tested ranges. Moreover, a reasonable inverse linear
correlation was demonstrated between sensitivity to transverse
compression and secant modulus. Considering the obtained
response surface and the testing methodology, further optimi-
zation of sensitivity in PDMS optical waveguides should focus
primarily on the regions surrounding the 2:1 and 10:1 mix ratios.
This suggests that a curing agent-rich environment is advanta-
geous, contrasting with the typical excess of prepolymer base
often employed in other studies, particularly when combined
with higher cure temperatures. Regarding the evaluated optical
properties, the RI was primarily driven by cure temperature,
which is attributed to changes in material density. In contrast,
propagation loss showed a minor but significant dependence on
mix ratio likely caused by the excess vinyl groups in the 18:1
mixture, resulting from the excess of prepolymer base.

Contrary to the expectation that room-temperature cured sam-
ples would be softer, our results indicated that the mechanical
behavior of PDMS samples was less dependent on cure tem-
perature within each tested mix ratio, likely because tests were
conducted after the crosslinked networks had reached a point of
relative equilibrium and most of the crosslinking reactions had
occurred. However, under conditions with an excess of curing
agent (2:1 mix ratio), higher cure temperatures resulted in softer
optical waveguides. This is attributed to the formation of a more
defective network, as corroborated by sol fraction, crosslink
density, and ATR-FTIR analyses. Despite this, waveguides pre-
pared at a 2:1 mix ratio and cured at 150°C exhibited the highest
compression sensitivity with good repeatability during cyclic
compression. Their ultimate mechanical properties signifi-
cantly exceeded the sensor's operational linear range (primar-
ily set at 100kPa), offering a robust and highly sensitive option
for optical pressure sensing. For applications requiring higher
optical pressure ranges, waveguides with lower sensitivity but
greater robustness against hysteresis and stress softening could
be considered.
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