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This study introduces an advanced optical fiber-based stretchable sensing platform designed for precise
biomechanical characterization in tissue engineering applications, specifically tailored for cardiac tissue studies.
The system is entirely fabricated from biocompatible polydimethylsiloxane (PDMS) material, and features a
thin upper membrane and an internal cavity where controlled pneumatic deformation occurs. Deformation is
quantified through changes in optical intensity measured through a strategically aligned optical fiber pair, as
membrane stretching disrupts total internal reflection conditions. Finite element modeling using COMSOL is used
to optimize device geometry and predict deformation, which is subsequently validated through experimental
analyses. A custom-designed electronic system with capacity for real-time signal processing ensures stable
and sensitive data acquisition. The experimental results show high levels of linearity and repeatability in
a physiologically relevant stretch range, highlighting its potential for biomechanical research applications
and dynamic tissue stimulation. Future improvements are directed toward extending the reliable deformation
operating range through advances in the optical system.

1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of global mor-
tality. They are responsible for more than 18 million deaths annually
and projections indicate a 73.4% increase in mortality figures by 2050,
significantly affecting the capacity of healthcare systems [1-3]. Despite
advances in prevention and treatment, a critical barrier to progress lies
in the limitations of current preclinical models, which often fail to repli-
cate the mechanical and functional complexities of the human heart.
Advanced methodologies that integrate precise measurements of elec-
trical and mechanical properties of cardiac tissues are urgently needed
to bridge the gap between basic research and clinical applications [4,5].

In recent decades, cardiac tissue slices have emerged and have been
validated as a physiologically relevant model in cardiovascular research
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[6-8]. Unlike traditional in vitro models, which often oversimplify the
biomechanical dynamics of the heart, cardiac slices preserve key aspects
of native tissue, such as its structure and functionality [9]. These features
make them highly suitable for studying contractility, electrophysiology,
and tissue mechanics under controlled conditions. In addition, tissue
slices provide a reliable model for investigating the impact of mechani-
cal stress on cardiac function, which is key to understanding how such
stress affects cardiac performance and pathology.

The accurate application and measurement of tissue deformation is
particularly relevant in the evaluation of biomechanical tissue prop-
erties in fields such as tissue engineering and regenerative medicine
and in the development of therapeutic interventions. Over the years,
various techniques have been developed to quantify deformation, such
as strain gauges, piezoelectric sensors [10], and magnetic field-based
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systems [11], each offering distinct advantages and limitations. Simi-
larly, techniques have been proposed to apply static mechanical loads
[12,13] or controlled deformation patterns, such as motorized actuators
[14], force-controlled platforms [15], and air-pressure-driven systems
[16]. Integrated platforms, such as Cytostretch [17] and MyoLoop [18],
further advance these capabilities by combining mechanical deforma-
tion and measurement in a single system, thus providing novel tools
for mechanobiological studies. The choice of a suitable technique to
measure or apply tissue deformation is crucial, as it directly affects the
precision, sensitivity, and reliability of the experimental results.

Among recent strategies for mechanical stimulation, pneumatic sys-
tems provide a versatile and practical alternative to apply deformation
to soft biological tissues. By modulating air pressure, they generate
smooth and uniform stretch patterns that replicate physiological loading
conditions [19-21]. However, the quantitative assessment of the result-
ing deformation still relies largely on external imaging, increasing cost
and limiting portability and real-time feedback.

An approach to overcome this limitation is the integration of sensing
elements directly within the device. Fiber-optic sensors have emerged
as a promising solution due to their high sensitivity and immunity to
electromagnetic interference [22,23]. Based on this approach, recent
platforms combine pneumatic actuation with embedded fiber optic sens-
ing, creating hybrid systems that deliver controlled deformation while
simultaneously measuring stretch [24].

However, previous fiber-optic stretch devices have generally been
limited to strain ranges below those required for physiological studies,
with consistent operation rarely exceeding 2% [24]. Their performance
under dynamic loading has also shown reduced repeatability. These
limitations are especially relevant in cardiac mechanics studies, where
experimental protocols require cyclic deformations in the 0-5% range
and stable measurements with a sufficient signal-to-noise ratio to detect
small tissue responses.

In this context, this study introduces a stretch device that builds
on these advances by embedding a functionalized optical cavity inside
a biocompatible polydimethylsiloxane (PDMS) membrane. Controlled
deformation is achieved by modulating the air pressure within the cav-
ity, enabling precise and uniform strain application to a biological tis-
sue sample. To enhance measurement accuracy, an innovative optical
fiber-based sensing technique is employed, where variations in light
intensity are directly correlated with surface displacement. This mech-
anism is intrinsically linked to the gradual degradation of the total
internal reflection (TIR) condition. Several optical fiber sensors have
recently exploited the TIR degradation principle in other contexts, in-
cluding rapid temperature variation detection [25], and wearable for
biomechanical motion tracking [26]. While these studies highlight the
versatility of TIR-based sensing across motion and thermal monitoring,
the present device uniquely embeds this principle into a pneumatically
actuated PDMS platform specifically tailored for dynamic tissue defor-
mation studies.

Designed to measure micrometric displacements associated with car-
diomyocyte contraction, both during externally applied stimulation and
under spontaneous activity, the system allows real-time measurements
without removing the sample from the incubator, thereby preserving
controlled conditions of temperature and culture medium. Optical fiber
sensing enables in situ monitoring without interfering with the culture.
Reproducibility between devices is facilitated by the similarity of the
optical path, with small variations in membrane thickness compensated
by electronic calibration. These characteristics support closed-loop ex-
periments in which mechanical stimulation can be adapted according to
the measured tissue response.

To optimize the device, computational modeling was performed us-
ing COMSOL Multiphysics, enabling accurate prediction and verification
of deformation responses under specific pressure conditions. In addition,
custom electronics were developed and tested to ensure reliable perfor-
mance and provide stable data acquisition. Together, these advances
overcome the primary limitations of earlier designs, resulting in a cost-
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Fig. 1. Simplified scheme of the mechanical operation of the device, showing
transverse (left) and longitudinal (right) section of the device under two operat-
ing conditions. No airflow condition (top): the lower chamber remains without
air injection and the membrane is undeformed. Maximum airflow condition
(bottom): air injection into the lower chamber produces maximum membrane
deformation.

effective, biocompatible, and versatile solution for tissue deformation
studies.

This work represents a significant advance in stretch technologies
for biomedical applications, offering robust and high-sensitivity mea-
surements. By addressing the key constraints of current systems, the
proposed sensor improves precision, adaptability, and ease of use. Its
innovative design positions it as a valuable tool for advancing tissue
engineering research, enabling real-time exploration of dynamic tissue
responses in biomedical studies.

2. Design and function of the stretching device
2.1. Physical and functional characteristics

To control tissue deformation, a custom-designed microfluidic de-
vice was fabricated. Given the specific application of this system, the
design was made in accordance with the recommendations provided by
experts in the field. These covered both dimensions, defined based on
standard measurements reported in studies involving excised cardiac
tissues [6,27], and materials, chosen to ensure compatibility with the
experimental conditions and physiological constraints of the system.

The base material selected for the system was PDMS, chosen for its
biocompatibility, transparency, and elasticity properties, which make
it highly suitable for applications in biosensors and stretchable devices
[28,29]. The device was composed of three main elements (Fig. 1): (i)
a thin and flexible top layer, designed with an optimized thickness to
withstand applied pressures while maintaining its deformation capac-
ity; (ii) an internal cavity configured through COMSOL simulations to
ensure uniform and precise deformation, maximizing stability and re-
producibility; and (iii) thick side walls and a base layer that provide
structural rigidity and prevent unwanted deformation in non-stretchable
areas.

The device includes two air ports for input and output, connected
to silicone tubes, allowing integration with a pneumatic system that in-
jects controlled pressure (p). This design facilitates the generation of
deformations in the top membrane, which is directly correlated with
predefined stretch values. The thickness of the top layer was carefully
selected to resist pressure without cracking while remaining thin enough
to allow optical detection of the displacement within the deformation
range required for cardiac applications.

With regard to deformation measurement, the design of the sensing
mechanism started by identifying the optical property to be monitored.
In this case, the variation in light intensity was chosen, an approach
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Fig. 2. Working principle diagram of the stretching device. The schematic il-
lustrates only the thin upper PDMS membrane, which is the deformable region
of the device. Under undeformed conditions (top), light propagates along the
PDMS membrane via optical fibers maintaining TIR. When air pressure is ap-
plied (bottom), the resulting membrane deformation disrupts the TIR condition,
altering the optical path. Narrow arrows represent reductions in the amount of
transmitted light, indicating optical losses directly correlated with membrane
deformation.

widely employed in optical fiber devices [30]. This variation could be
achieved by altering the optical path, either by introducing disconti-
nuities or deforming it. For this design, the optical path deformation
approach was selected, leveraging the flexibility of the upper membrane.
When the membrane deforms, the internal light path is altered, reducing
the light reaching the receiver and thereby allowing a precise measure-
ment of the induced stretch directly related to the movements of this
membrane (Fig. 2).

The operation of the device was straightforward and yet effective 1.
The tissue that was going to be deformed was placed on the thin up-
per layer of the upper cavity, and the two ends of the plastic optical
fiber (POF) were precisely aligned with the flexible PDMS membrane.
This membrane was designed as a thin layer to facilitate deformation ac-
cording to stiffness criteria reported in the literature, while keeping its
thickness close to the diameter of the optical fiber core to improve light
coupling. Air was injected into the bottom cavity through the tubes,
causing the upper membrane to raise and stretch the attached tissue,
such as cardiac slices. This deformation altered the optical path of the
light injected from the emitter, modifying the amount of light reach-
ing the core of the receiving optical fiber. Consequently, the captured
light intensity was directly related to the deformation experienced by
the tissue.

Basically, in the absence of applied pressure, the membrane pre-
serves the Total Internal Reflection (TIR) condition, allowing for max-
imum transmission of light. The critical angle for TIR [31] is defined
as:

o
0, =arcsin< ar ) @
nppms

where n,,. ~ 1.0 and nppyg ~ 1.41 at visible wavelengths [32]. The
refractive index of PDMS exhibits only minor dispersion across the vis-
ible spectrum (variations below 0.01 between 500-800 nm), ensuring
stable optical performance for the chosen source wavelength (see Sec-
tion 2.3.2). As pneumatic pressure is introduced and the flexible layer
deforms, the movement of the membrane () modifies the incidence an-
gle of the guided rays. As the effective angle approaches or falls below
0., the TIR condition is gradually compromised, leading to a reduced
light transmission through the membrane and a decrease in the inten-
sity detected at the receiver end. The transmitted optical intensity (1)
can be expressed as I(p) ~ loe“"5, where « is an effective attenuation
coefficient. The mechanical deflection 6(p) follows the mechanics of thin
elastic membranes under uniform pressure. According to classical plate
theory [33], the central deflection scales with device geometry and ma-
terial properties as:

4
pw
6(p) 3’ 2
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Fig. 3. (a) Schematic diagram with dimensions (in mm) showing the layout and
geometry of the device. (b) Image of the fabricated device illustrating the upper
and bottom chambers with tubing connections for air injection.

where w is the width of the deformable region, ¢ is the membrane
thickness, and E the Young’s modulus whose value is taken from [34].
Consequently, the transmitted optical power is linearly converted by the
photodiode into an electrical signal, such that the RMS output voltage
is directly proportional to the transmitted intensity.

This formulation establishes a relationship between applied pneu-
matic pressure, membrane deformation, and electrical output, which
was subsequently validated experimentally.

2.2. Fabrication methodology

The device consisted of two chambers with identical geometries: a
lower chamber that houses the airflow and induced deformation of the
thin upper PDMS layer, and an upper chamber that accommodated the
tissue sample (Fig. 3b). In order to provide structural rigidity and to
ensure that deformation is restricted to the thin upper membrane, the
base and side walls of the device were fabricated with a greater thick-
ness. The overall size of the device was designed to match the standard
dimensions of a standard microscope slide (25 x 75 mm). This allowed
for seamless integration with any fluorescence microscope slide holder,
enabling direct evaluation of the tissue sample. The device was entirely
fabricated using PDMS (SYLGARD™ 184 Silicone Elastomer) due to its
biocompatibility and versatile fabrication properties. It was cast in an
aluminum mold with a specific geometry (Fig. 3a), and the two blocks
were bonded together by oxygen plasma treatment, which activates the
surface for strong adhesion.

2.3. Optoelectronic system development

2.3.1. Electronic design and feedback control loop

The electronic system developed to control the device and allow the
characterization of tissue deformation consisted of two main parts, an
analog block and a digital block (Fig. 4). These subsystems operated
in an integrated manner to facilitate signal acquisition, processing, and
analysis.

The analog block was responsible for signal transmission and re-
ception, incorporating a feedback mechanism to regulate the operating
point and ensure stability. This block directly represented the operat-
ing principle of the system. It consisted of an optocoupler (emitter and
receiver) whose terminals were connected via an optical path formed
by the optical fiber emerging from each component, along with the
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Fig. 4. Schematic diagram of the electronics for the device. Showing an analog
block for optical emission and detection, and the digital block for real-time sig-
nal processing and data transmission.

upper layer of the device that interrupts the path between these two
terminals. The digital block, implemented within a Cortex-M4 microcon-
troller, performed data conversion and managed serial communication
via a UART interface. Data were transmitted from the microcontroller
to an external computer or peripheral device through a UART-to-USB
interface, enabling real-time monitoring, analysis, and visualization via
a graphical user interface (GUI). In addition, it generated the signal ap-
plied to the stretch system using the transmitter block of the analog
subsystem, ensuring controlled and stable optical excitation.

Fig. 5 illustrates the detailed diagram block of the analog section of
the platform. The input signal (V;5) generated by the digital system
was a sinusoidal waveform with 125 Hz frequency and 1 V amplitude
superimposed on a 1.5 V DC offset. This signal was obtained using one
channel of the digital-to-analog converter (DAC) integrated into the
microcontroller of the Nucleo-L452RE-P (STMicroelectronics) develop-
ment board. First, its DC component was removed through a coupling
capacitor. Next, a new DC offset adjusted by the feedback control loop
was added. The resulting signal drove the emitter LED connected at one
end of the optical fiber.

At the opposite end of the fiber, the receiver photodiode converted
the optical intensity into a current, which was translated into a volt-
age across a load resistor connected to its anode. This voltage was then
buffered to enable its split into two separate paths. In one path, the
voltage levels were adjusted to match the input range of the micro-
controller’s analog-to-digital converter (ADC) using a conditioning stage
that amplified only the AC component of the signal. The stage gain was
set to optimize utilization of the dynamic range of the signal.

In the second path (highlighted in blue in Fig. 5), the signal entered
a feedback control loop, where a stage of integral control processed the
error signal, defined as the difference between a predefined reference
voltage (V,,,,.o;) and the filtered DC component extracted from the final
signal output. Through this mechanism, the system continuously adjusts
the DC level of the intermediate signal (Vf) to ensure that the excitation
signal applied to the emitter (i;,,) contains the appropriate DC compo-
nent. This regulation guarantees that the signal at the photodiode output
(Vpho:) remains consistently stabilized ata 1.5 V DC level. The overall ar-
chitecture enabled precise tracking of light intensity variations induced
by membrane deformation, ensuring high sensitivity and stability for
optical sensing purposes. In addition, the feedback loop stabilized the
LED output, compensating for potential drifts due to temperature or bias
variations and ensuring consistent optical excitation during the experi-
ments.

Therefore, the generated waveform served as a reference for evaluat-
ing the system response at a specific position induced by the air injected.
By analyzing the characteristics of the output waveform (Vg r), it was
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Fig. 5. Block representation of the analog electronics developed for optical con-
ditioning. The system drives the emitter and processes the photodiode output
through amplification stages and a feedback control loop that dynamically ad-
justs the emitter bias to maintain a stable operating point.

possible to quantify the stretch experienced by cardiac tissue, providing
a direct assessment of its mechanical behavior under controlled condi-
tions.

2.3.2. PDMS integrated optical path design

To determine the most suitable optocoupler pair for the optical sens-
ing system, a spectral characterization of the light path was performed.
A broadband visible light source (HL-2000, Ocean Optics) and a high-
sensitivity spectrometer (QE6500, Ocean Optics) were used to measure
the light intensity reaching the receiver through the top layer. The re-
sulting transmission spectrum revealed two main intensity peaks cen-
tered around 660 nm and 760 nm (Fig. 6). These values fall within the
red region of the visible light spectrum, which corresponds to the wave-
lengths with the highest transmission efficiency under baseline (non-
deformed) conditions.

Based on these results, a FC300T optocoupler pair was selected. This
component operated with peak emission around 660 nm, aligning well
with an excellent transmission region identified experimentally, and de-
livered about 150 uW of optical power at a drive current of 20 mA. In
addition, the optocoupler included an integrated optical fiber fixation
system, which facilitated alignment and ensured optimal light coupling
throughout the experiments. A plastic optical fiber (Eska Mega) with a
1 mm core diameter was used, chosen to better match the thickness of
the upper PDMS layer and improve optical coupling efficiency.

3. Experimental and simulation methodology

For experimental validation, a two-step characterization approach
was implemented. First, the maximum deformation range was deter-
mined by measuring the vertical displacement of the upper membrane
under different applied pressures, within the operating limits of the
device. In a second step, the relationship between the membrane defor-
mation and the electrical output signal was experimentally established.
This two-stage strategy was adopted to simplify the measurement pro-
cedure and to allow a direct comparison between the experimentally
obtained pressure-height relation and the deformation profile predicted
by the COMSOL simulation model.

3.1. Experimental setup

The experimental setup used to test the prototype device is illustrated
in Fig. 7. The system was configured to enable optical monitoring of
the vertical deformation of the thin PDMS membrane under controlled
pneumatic actuation. The cut ends of two optical fibers were placed
on opposite sides of the membrane using a custom 3D-printed mount
attached to a micropositioning stand for fine alignment. The silicone
tubing connected the internal cavity of the device to an external pres-
sure source, allowing precise modulation of internal air pressure and
deformation of the membrane.

For device characterization, additional instrumentation was used, in-
cluding an independent optical tracking system. A high-resolution cam-
era was placed along the same axis as the optical fibers, providing a
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Fig. 6. Optical path characterization curve. Gray: undeformed membrane situation (baseline); green and blue: deformed membrane tests. The measured light intensity
was standardized and plotted against wavelength. A shaded red area highlights the region of interest (650-760 nm), which corresponds to the range of maximum

light transmission and guided the selection of the optocoupler pair.

Fig. 7. Experimental setup configured to test the prototype device. The cut ends
of the optical fiber are precisely aligned with the thin, deformable PDMS mem-
brane by means of a custom 3D-printed mount attached to a micropositioner
stand. Silicone tubing connected to the device modulates the internal air pres-
sure, enabling controlled deformation. The dashed red line indicates the optical
path from the LED emitter to the photodiode detector during operation.

side view of the device and enabling direct observation of the vertical
displacement of the membrane during actuation. To facilitate accurate
visual tracking, the camera feed was projected onto a screen, allowing
for enlarged inspection of the membrane profile. A surface-mounted re-
sistor (0402 package) was placed within the same imaging plane and
used as a reference scale. This approach enabled a consistent estimation
of membrane deformation by relating the apparent displacement to the
calibrated reference using proportional scaling.

In addition, a pressure sensor (All Sensors, Amphenol) was integrated
into the setup through a branch of the pneumatic circuit upstream of the
device. This configuration enabled direct monitoring of pressure varia-
tions within the bottom chamber, just beneath the sensing membrane.
The pressure variations monitored by the sensor were directly related
to the deformation experienced by this membrane. The sensor module
was controlled through an I>C interface managed by the digital sub-
system, enabling continuous real-time monitoring of applied pressure
during the experimental procedure. Although not required for regular

device operation, this component was essential to establish the pressure-
dependent behavior of the mechanical deformation and the electrical
output. Combining these datasets, a final correlation was obtained be-
tween membrane deformation and voltage output, which served as the
basis for the operation of the stretch device.

All experiments were carried out in a temperature-controlled labo-
ratory (20-25 °C), ensuring stable operation of the PDMS layer, optical
fibers, and photodetector. In practical use, the device is intended to op-
erate inside standard cell-culture incubators at 37 °C, where temperature
is tightly regulated, so thermal drifts are negligible.

3.2. Numerical modeling and validation for membrane characterization

To complement the experimental approach, a finite element model
of the device was developed using COMSOL Multiphysics. The simula-
tion focused on the mechanical behavior of the upper PDMS membrane
under applied pressure, with the goal of accurately estimating its verti-
cal deformation. This modeling strategy was especially useful because
of the difficulty in precisely controlling the membrane thickness dur-
ing the fabrication process, which could introduce uncertainty in the
experimental measurements. In this analysis, Young’s modulus was se-
lected as a key parameter because it strongly influences the deformation
response of the membrane in a manner comparable to geometric dimen-
sions, whereas other properties, such as Poisson’s ratio [35], remain
more constant and were therefore not studied in detail in this study.

The numerical model was configured to replicate the actual geome-
try of the device, including boundary conditions and material properties.
By simulating the membrane response to incremental pressure loads, the
model provided a detailed prediction of the pressure-deformation rela-
tionship, which could be directly compared with experimental measure-
ments. The deformable region was modeled as a rectangular membrane
with fixed perimeter boundary conditions, subjected to a uniform pres-
sure on its bottom surface that induced vertical upward deformation.
This comparison served as a validation step for the accuracy of both the
model and the optical measurement system used during characteriza-
tion.

In addition to supporting the interpretation of the experimental data,
the COMSOL model enabled systematic parametric analysis. A key vari-
able explored was Young’s modulus of PDMS, which varies significantly
depending on the base-to-curing agent ratio used during preparation.
By adjusting this parameter in the simulation, it was possible to predict
how variations in fabrication conditions would affect the mechanical re-
sponse of the membrane, and consequently the behavior of the device.
Thus, this modeling framework offered a valuable tool for optimizing
structural design and anticipating performance variability due to mate-
rial or geometric tolerances.
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Fig. 8. Relationship between applied pressure and vertical displacement. The
plot shows two experimental datasets obtained from independent trials, together
with the averaged polynomial fit. The resulting curve captures the overall trend
of the mechanical response of the device over a broad pressure range.

4. Results and discussion

Using the experimental setup described above, validation tests were
performed to characterize the behavior of the device. These experiments
resulted in two main datasets: the first relates the applied pressure to
the mechanical displacement of the system, while the second relates the
pressure to the electrical output signal provided by the acquisition sys-
tem. To provide a quantitative measurement of the electrical signal, the
root mean square (RMS) value was used, which was digitally calculated
in the microcontroller from the signal received at the input of the ADC.

These two datasets are complementary and are analyzed jointly.
Pressure-displacement measurements establish the mechanical response
of the PDMS membrane and enable validation against the FEM pre-
dictions. Pressure-voltage measurements quantify the optical and elec-
tronic transduction of that deformation, assessing linearity, dynamic
range, and repeatability. Together they provide a coherent description
of device operation, from the pneumatic input through structural de-
formation to the electrical readout, linking the mechanical and sensing
subsystems.

4.1. Mechanical characterization and model validation

Initial experimental validations focused on establishing the relation-
ship between membrane displacement and a range of applied pressures
from O to 27 kPa. Fig. 8 shows two datasets obtained from this type of
experiment. A separate polynomial fit was performed for each dataset,
and the average of these fits was calculated to produce a representa-
tive curve that accurately captured the overall behavior observed in the
experimental data. This averaged curve is also shown in the figure, illus-
trating the quality of the fit relative to the measured data. The pressure
range covered by the second dataset is slightly lower, as the measure-
ments were stopped once the transmitted light reaching the photodiode
was no longer detected or when unexpected behavior was observed,
such as a sudden drop in the signal amplitude unrelated to the applied
pressure.

To better understand the behavior of the fabricated structure, a series
of simulations was carried out using a finite element model implemented
in COMSOL Multiphysics. These simulations involved varying the thick-
ness of the top PDMS layer (t), allowing a detailed comparison with the
experimental measurements. As shown in Fig. 9, the response observed
experimentally closely matches the simulation for a thickness of the top
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Fig. 9. Membrane deformation simulated in COMSOL for different PDMS layer
thickness values (t), compared with experimental data (dotted line). The closest
agreement is found for a thickness of 1.2 mm (green line).

PDMS layer of 1.2 mm. This agreement validates the predictive capa-
bility of the model while also indicating that this value corresponds to
the effective thickness of the fabricated membrane within the expected
manufacturing tolerances. Since the precise thickness of the top PDMS
layer is difficult to control during fabrication, this combined approach of
simulation and experiment provides a reliable estimation of the actual
device geometry

In the simulations, a Young’s modulus of 3.75 MPa was used, consis-
tent with values reported in the literature for Sylgard 184 when mixed in
a 10 to 1 ratio between the base and the curing agent [36]. This formu-
lation yielded a stiffer PDMS suitable for applications requiring accurate
mechanical behavior.

The comparison in Fig. 9 revealed the critical influence of geometric
precision during fabrication. Even small deviations, on the order of tens
of microns, in the thickness of the top PDMS layer can lead to noticeable
differences in the mechanical response of the device. This sensitivity
highlights the need for careful control of the manufacturing process to
ensure repeatable and consistent performance.

4.2. Optoelectronic response and repeatability

In this experiment, the applied pressure was increased progressively
until the optical coupling through the top thin PDMS layer was no longer
functioning properly, at which point data collection was excluded. This
behavior was used to define the upper pressure limit for each run. Values
slightly above 30 kPa were reached before the device behavior became
unstable. A total of five complete pressure sweeps were performed to
evaluate the repeatability of the device.

The analog signal was sampled at a rate of 25 kHz using the 12-bit
ADC of the microcontroller. The samples were stored in memory as 16-
bit variables and transmitted to a computer via UART in data packets
of 6000 bytes, covering a time window of 120 ms. Given an input sig-
nal frequency of 125 Hz, this represents 15 full cycles of the measured
signal. The RMS value was calculated from each of these segments us-
ing MATLAB, and the resulting value was saved in a text file along with
the corresponding pressure readings.

As shown in Fig. 10, the measured RMS voltage as a function of
the applied pressure in the pneumatic system exhibits a trend that is ap-
proximately linear, particularly for pressures above 5 kPa. This linearity
indicates that the electrical output remains stable and consistent within
the expected operating pressure range.
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Fig. 10. RMS voltage measured across five pressure sweeps. Data collection was
stopped beyond the point where the optical signal was no longer effectively
transferred through the thin PDMS layer. The observed consistency across mul-
tiple sweeps indicates good repeatability of the electrical output.

Following pressure-based experiments, a second set of tests was con-
ducted to directly relate the vertical displacement of the top PDMS layer
to the RMS voltage measured at the output. As shown in Fig. 11, five
independent tests were performed for a similar range of displacements.
The data presented corresponds to a smoothing of the raw data by a
moving average. The resulting electrical response exhibited a consis-
tent and monotonic increase with displacement. Despite minor varia-
tions between curves, the trend was clearly maintained throughout all
iterations, suggesting stable behavior and good agreement between me-
chanical deformation and the voltage output signal.

To quantify this consistency, the coefficient of variation was calcu-
lated at each displacement value in the five repetitions. The results show
a median value of 0.19% and a maximum below 0.44%, indicating ex-
cellent repeatability and minimal variability between measurements,
confirming its suitability for quantitative displacement monitoring in
stretching applications. Although the present protocol involved only
monotonic pressure sweeps, precluding a full load—unload hysteresis
analysis, an apparent inter-cycle hysteresis was estimated by compar-
ing the RMS values at the same initial pressure across repeated sweeps.
The resulting value was approximately 5% of the measurement span,
indicating that hysteresis is negligible within the tested range.

This characterization validates an operating window up to approx-
imately 30 kPa, where the response remains monotonic and repro-
ducible. At higher pressures the device does not fail mechanically; in-
stead, excessive curvature of the top PDMS layer imposes an optical
coupling limit that leads to irregular signal behavior. A more detailed
analysis of this phenomenon is presented in Section 4.5.

4.3. Sensitivity analysis of voltage-to-stretch relationship

To evaluate the performance of the system in terms of stretching
capabilities, vertical displacement measurements were converted into
stretch ratio values using analytical models that describe the mechan-
ics of thin membranes under applied pressure. In the presented device,
stretch arises directly from the pneumatic deformation of the PDMS top
membrane, which is clamped at its perimeter and deforms freely in the
central region without requiring external adhesion. The formulations
presented by Xiang et al. [33] and further developed by Pakazad et
al. [37] establish a relationship between the central deflection of the
membrane and the resulting strain in the film plane, which was adapted
here to the geometry of the device. In particular, the model parameter
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Fig. 11. RMS voltage measured at the output of the system as a function of
the vertical displacement of the top PDMS layer. The five curves correspond to
independent repetitions of the experiment.

corresponding to the width of the deformable top membrane was de-
fined as L = 8 mm, according to the device dimensions shown in Fig. 3.
This definition follows the nomenclature introduced by Pakazad et al.
[37], where the original length of the membrane cross section is given
by Ly =2R, with R =4 mm. To clarify terminology, the terms strain
and stretch were used interchangeably to describe the relative elonga-
tion of the membrane, since the deformations remain small (in relative
terms, typically in the range 0-5%) [33].

Fig. 12 presents the measured RMS voltage as a function of the
stretch calculated for five independent repetitions. The relationship be-
tween both variables tended to become approximately linear for stretch
values greater than 0.5%. A linear fit applied to this range led to the
expression Vyyg = —0.0425 - Stretch+1.7517, with a coefficient of deter-
mination R? =0.9972, confirming the strong linearity of the response.
The inset in the upper right corner shows a closer view of the 1-2%
stretch interval to improve clarity and facilitate interpretation of the
results.

The sensitivity of Vyyg, defined as the slope of the voltage-to-strain
curve, was first obtained considering the whole strain range: -0.0723
V' /%. However, since a single global value hides the clear change in the
slope across the range, the sensitivity was recalculated in two intervals,
leading to: -0.2078 V' /% for the 0-0.5% strain interval and -0.0451 V' /%
for the 0.5-3% strain interval. This interval-wise analysis makes explicit
the steeper slope at low strains and provides coefficient values for accu-
rate calibration in each region.

Such behavior can be understood in terms of the optical losses associ-
ated with bending-induced modifications of the incidence angles within
the fiber. When the membrane curvature is small, a significant fraction
of guided rays propagate close to the critical angle, so even slight defor-
mations redistribute their incidence and progressively compromise TIR.
This leads to a more pronounced loss of transmitted intensity and, con-
sequently, to an apparently higher sensitivity. As curvature increases
further, most of these rays have already been coupled out into cladding
or leaky modes, reducing the incremental effect of additional deforma-
tion and giving rise to a lower sensitivity regime [26,30].

Statistical analysis of signal variation confirms the high repeatability
of the system, with a median coefficient of variation below 0.5% for all
measurements. These results validate the system’s capacity to translate
the stretch induced on the upper membrane into an electrical output
with both precision and robustness.
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Fig. 12. RMS voltage measured at the output of the system as a function of induced strain (%) for five independent tests. The dashed black line denotes the mean
response and the orange shading indicates +1 standard deviation. The inset in the upper right corner provides a closer view of the 1-2% stretch range to improve

clarity and facilitate interpretation of the results.
4.4. Applicability to tissue engineering

The mechanical behavior of the device under controlled deformation
conditions suggests its suitability for biomedical applications, where
precise mechanical stimulation patterns are essential. One of the most
relevant contexts is cardiac tissue engineering, with cardiomyocytes in
engineered heart tissues able to respond to mechanical cues. In vitro
studies commonly apply cyclic strains of at least 5% to mimic physi-
ological conditions and promote cardiomyocyte alignment, maturation
and functional development [38,39].

In the present work, the developed system exhibited consistent and
repeatable behavior within a stretch range exceeding 3% (Fig. 12). Al-
though this value remains slightly below the typical 5% used in car-
diomyocyte stimulation protocols [40], it still falls within a biomechan-
ically relevant range for cardiac applications. Moreover, the resolution
of the device in the 0-5% interval also makes it suitable for stimulating
other soft tissues, such as skeletal muscle or vascular tissue, where pat-
terned mechanical signals are crucial to guide cell differentiation and
tissue development [41,42].

The sensing platform combines simplicity, ease of use, and biocom-
patible materials, making it suitable for integration into dynamic culture
systems. Its reliable signal transduction within a physiologically relevant
strain range supports its use for both real-time monitoring and active
feedback control on biomedical platforms.

In addition, the sensing system offers practical advantages, such as
low fabrication costs and streamlined electronic instrumentation. The
compact design and limited setup requirements further enhance its
portability, facilitating its adoption across different laboratory environ-
ments. Together, these characteristics position the sensor as a versatile
and accessible platform for biological studies and functional tissue en-
gineering applications.

In comparison with existing stretch platforms, Cytostretch [17]
achieves a wider strain window but exhibits a nonlinear response over
that interval, whereas the present system provides a near-linear, repeat-
able electrical readout up to ~3% and a mechanical margin to ~5%, with
the current upper bound set by the optical pathway. Compared with the
optical PDMS sensor described in [24], the presented platform extends
the experimentally measured stretch window beyond ~1.5%. Vacuum-
driven pneumatic compression devices [19,21] reach somewhat higher
strains but rely on external imaging for deformation tracking, which
complicates closed-loop operation. In contrast, our device integrates ac-
tuation and sensing and delivers a direct electrical readout suitable for

real-time feedback. Targeted improvements in light delivery and detec-
tion are expected to extend the achievable strain range while preserving
linearity and repeatability.

Although no biological experiments are reported in the present work,
the device was designed with dimensional and operational specifications
directly compatible with the standard cardiac and soft tissue stimula-
tion protocols reported in previous studies [43]. Therefore, the present
results establish the technological basis for subsequent validation in ex-
cised tissues, which constitutes the next step of this work.

4.5. Operational range and system limitations

A limitation was identified with respect to the operational range of
the optical detection system. Although the device is mechanically capa-
ble of achieving vertical displacements sufficient to induce target stretch
values of up to 5%, corresponding to approximately 1.1 millimeters of
central deflection under an applied pressure of 40 kPa, the optical signal
becomes unstable beyond approximately 30 kPa. This behavior has an
optical origin. As the membrane bends, the surface normal rotates, and
the incidence angles at the PDMS/air interface move beyond the con-
dition for total internal reflection. Guided power is progressively lost
into leaky and cladding modes or scattered outside the acceptance cone
of the receiving fiber, and the remaining signal is governed by weak
parasitic paths that respond strongly to minute pressure fluctuations or
micromotions. This mechanism explains the nonmonotonic excursions
observed in the RMS voltage at high pressure and establishes the effec-
tive performance limit of the system. In this range, the photodetector no
longer receives a consistent light signal, resulting in a deterioration of
the measurement accuracy. As a result, the current performance limit of
the system is imposed by the optical subsystem rather than by the me-
chanical structure. Addressing this constraint will be essential to fully
exploit the deformation capabilities of the platform in future implemen-
tations.

Several strategies are proposed here to overcome this limitation and
extend the functional range of the system. First, modifying the geom-
etry of the deformable membrane, for example by reducing the width
of the upper PDMS layer, would increase the curvature for a given dis-
placement, enabling the desired stretch at lower pressures. However,
this approach would reduce the available area for tissue samples and
would require a further evaluation of the optical performance under
these modified conditions. Second, upgrading the optical components
by employing a more powerful or focused light source and a more sen-
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sitive detection unit could enhance signal stability at higher deforma-
tion levels. Lastly, redesigning the optical path through internal guiding
structures or integrated waveguides could significantly improve trans-
mission efficiency and extend the reliable measurement range.

5. Conclusions

The developed optical fiber sensing system exhibits stable and re-
peatable mechanical and electrical responses within a strain range of
0% to 3%. Experimentally, a strong linear correlation was confirmed
between applied pressure, vertical displacement, and output voltage.
Finite element simulations validated these findings, identifying the ef-
fective thickness of the top membrane as 1.2 mm and highlighting the
importance of precise control during the device fabrication process.

The use of optical fiber as the sensing element provides inherent
immunity to electromagnetic interference and reduces susceptibility to
temperature variations, ensuring accurate measurements in challenging
environments. In addition, the low fabrication cost, simplicity of elec-
tronic instrumentation, and compact nature of the entire experimental
setup enable portability and adaptability across different laboratory set-
tings.
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