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Abstract—Measurements at small scales are increasingly im-
portant in cell-based systems, where controlling and monitoring
the culture environment is critical for deriving information
related to the cultured construct state. The integration of mechan-
ical sensing into additively manufactured, biocompatible struc-
tures represents a novel step toward fully embedded bioreactors.
In this work, aerosol jet—printed strain gauges using two silver-
based inks (Genesink and UT Dots) were integrated onto four
additively manufactured biocompatible samples (BioMed Flex,
BioMed Elastic, BioMed Clear, and Surgical Guide) and sys-
tematically evaluated. Ink-substrate compatibility tests revealed
that highly elastic resins led to cracking and electrical discontinu-
ities, whereas BioMed Clear and Surgical Guide resins ensured
continuous conductive traces. Under cyclic tensile loading (0-
1 mm), the BioMed Clear-Genesink combination exhibited the
highest stability, with a peak drift of only 1.4% of the full-scale
range (FSR) and a cycle-to-cycle variation of 0.7% between the
2™ and 20" cycles. In contrast, other configurations showed
significantly larger drifts, up to 53.1% in peak variation and
over 30% in normalized cycle-to-cycle changes. A cantilever
sensing component fabricated with the selected material-ink pair
demonstrated repeatable bending detection with a sensitivity of
1.8 /mm in the linear operating region. These results confirm
the feasibility of integrating printed strain gauges onto additively
manufactured substrates and provide quantitative guidelines for
future development of miniaturized mechanical sensing compo-
nents.

Index Terms—Printed strain gauges, mechanical measurement,
bioreactors, biocompatible materials.

I. INTRODUCTION

Over the past two decades, mechanobiology has demon-
strated that cells actively sense, transduce, and respond to
mechanical cues from their microenvironment, including sub-
strate stiffness, cyclic strain, shear stress, and topographical
constraints. Mechanical stimuli represent foundamental reg-
ulators of cellular behaviour influencing cell proliferation,
differentiation, migration, and gene expression [1] [2]. In stem
cell biology, for instance, matrix stiffness alone has been
shown to direct lineage specification [3], while dynamic strain
modulates cytoskeletal organization and nuclear mechanics
[4]. Consequently, the ability to precisely apply and measure
mechanical stimuli at small scales becomes an essential feature
in the development of advanced systems, such as bioreactors,
aimed at providing a controlled and physiologically relevant

microenvironment to support cell culture or the formation and
maturation in vitro of cell-based constructs, including tissue
models.

Several techniques have been developed to quantify cellu-
lar and substrate-level mechanical responses. Atomic force
microscopy (AFM) enables nanoscale stiffness mapping of
cells and tissues [5], while traction force microscopy allows
estimation of forces exerted by adherent cells on deformable
substrates [6]. However, these techniques are not suitable
for a real-time monitoring of the bulk mechanical properties
of three dimensional cell-based constructs. Microelectrome-
chanical systems (MEMS)-based sensors have also been used
for high-resolution force measurements [7]. Although highly
sensitive, these approaches often require complex instrumen-
tation, rigid and/or optically transparent substrates. limiting
their integration with bioreactors, especially when additive
manufacturing is employed for their prototyping.

Additive manufacturing (AM) has emerged in recent years
as an important fabrication technology due to its capability
to produce complex three-dimensional structures with high
design flexibility. A wide range of material classes are compat-
ible with AM technologies, including photopolymers used in
vat-polymerization processes, thermoplastics commonly em-
ployed in fused filament fabrication, elastomers, and com-
posite materials. AM is increasingly adopted in biomedical
research due to its ability to fabricate complex and patient-
specific geometries, using certified biocompatible materials
[8] [9]. Indeed, the development of biocompatible materials
suitable for additive manufacturing has driven its growing
adoption in biomedical research, facilitating the development
of innovative custom-made systems, including advanced plat-
forms for cell culture applications [10] [11]. However, while
structural components can be readily fabricated, the integration
of embedded or surface-mounted mechanical sensors remains
a major challenge. Achieving this goal within biocompatible,
additively manufactured systems requires sensing technologies
that are compatible with polymeric substrates, low-temperature
processing, and miniaturized geometries.

Printed electronics provides a promising solution to this
integration challenge. Techniques such as inkjet printing,
extrusion printing, and aerosol jet printing (AJP) enable
the deposition of conductive traces onto flexible and three-



dimensional substrates [12]. Among these, AJP offers high
resolution and conformal deposition capabilities, making it
particularly suitable for non-planar biomedical components
[13]. Silver nanoparticle inks are widely used due to their high
conductivity and relatively low sintering temperatures [14].

While flexible and stretchable strain sensors have been
extensively studied on elastomers such as Polydimethylsilox-
ane (PDMS) and Thermoplastic Polyurethane (TPU) [15]
[16] [17], comparatively little attention has been devoted to
the integration of printed strain gauges onto commercially
available, biocompatible photopolymer resins used in additive
manufacturing. These materials present distinct mechanical
behaviors—ranging from rigid to highly elastic—and their
compatibility with aerosol jet printed conductive inks has not
been systematically assessed. The present study addresses this
gap by providing a preliminary but systematic evaluation of
aerosol jet printed silver-based strain gauges deposited onto
four additively manufactured, biocompatible resin substrates
with different mechanical properties. The novelty of this work
lies in the combined investigation of (i) ink—substrate mor-
phological compatibility, (ii) electromechanical stability under
cyclic tensile loading, and (iii) strain transfer performance
in a miniaturized cantilever-like structure. By systematically
comparing subtrates of different materials and silver-based
inks under realistic loading conditions, this work provides
useful operational insights for integrating printed strain sensors
into components intended for use as monitoring elements in
instrumented bioreactors. Ultimately, the feasibility demon-
strated in this study contributes toward the development of
bioreactors that can be used for both delivering controlled
physical stimulation and monitoring real-time the mechanical
properties of cultured cell-based constructs. Such systems
represent a critical step toward and quantitative experiments,
bridging additive manufacturing, printed electronics, and tissue
engineering.

II. MATERIALS AND METHODS

A. Substrate materials

A total of four materials were selected to investigate suitable
substrates for the final structure. Several criteria guided the
material selection: the resins were required to be biocom-
patible, capable of withstanding significant deformation, and
compatible with additive manufacturing processes. Based on
these requirements, four commercially available resins from
FormLabs were selected: BioMed Clear (B-Clear), BioMed
Elastic 50A (B-Elastic), BioMed Flex 80A (B-Flex), and
Surgical Guide (Surgical).

The main mechanical properties of the selected resins are
summarized in Table I. Among the investigated materials, B-
Elastic and B-Flex exhibit significantly higher elongation at
break (e1,) compared to B-Clear and Surgical, indicating a
markedly more elastic behavior.

The selected materials were evaluated through three suc-
cessive experimental steps. In the first step, small rectan-
gular samples were printed and subsequently coated with
the conductive ink to assess basic material compatibility and

TABLE I
MECHANICAL PROPERTIES AND PRIMARY APPLICATIONS OF THE
SELECTED RESINS

Material ey (%) | op (MPa) | Application
BioMed Clear 12 52 Medical
BioMed Elastic 50A 150 2.3 Medical
BioMed Flex 80A 135 7.2 Medical
Surgical Guide 12 73 Dental

ink adhesion (Fig. 1.a). This preliminary screening aimed to
identify potential issues related to ink wetting, adhesion, or
curing on the different resin surfaces.

In the second step, dog-bone samples were printed and
functionalized with printed strain gauges (Fig. 1.b). These
samples were used for tensile tests in order to evaluate the
mechanical response of the substrates under deformation and
to verify the capability of the strain gauges to detect strain
variations. In these first two cases, the geometry of the printed
strain sensors follows a typical serpentine layout. In these
preliminary experiments, the exact sensor dimensions were
not critical, as the objective was primarily to demonstrate the
compatibility between the conductive ink and the substrate, as
well as the feasibility of strain sensing.

Based on the results of the preceding tests, the final structure
was manufactured using the selected material and designed
with a cantilever configuration (Fig. 1.c). In this configuration,
the beam size was very small (approximately 1 mm), which
prevented the use of a conventional serpentine geometry.
Because more than two conductive lines could not fit within
the beam width, a simplified layout consisting of a single line
running up and down was adopted to connect the two contact
pads.

(b)

Fig. 1. Printed samples used during the different stages of the experimental
campaign: (a) rectangular specimens; (b) dog-bone samples; and (c) final
structure integrating four cantilevers in parallel.

B. Printing process

Two silver-based conductive inks were printed using
Aerosol Jet Printing (AJP) with an AJ300 system (Op-
tomec, Albuquerque, NM, USA): Smart Aero (Genesink) and



UTDAgPA (UT Dots). The printing parameters for each ink
are summarized in Table II. The printing parameters were

TABLE 11

AEROSOL JET PRINTING PARAMETERS
Parameter Genesink | UT Dots
Sheath Flow (sccm) 1000 900
Atomizer Flow (sccm) 612 590
Exhaust Flow (sccm) 550 540
Plate Temperature (°C) 100 60
Number of Passes 3 4
Print Speeds (mm/s) 2-1-1 3-2-1-1
Nozzle Head size (mm) 0.7 0.7

determined empirically by producing small test patterns and
iteratively adjusting the conditions until a stable flow and
appropriate ink deposition were achieved, accounting for day-
to-day variations in ink viscosity. The two inks required
slightly different processing conditions. Genesink required
the addition of ethanol in the bubbler, whereas UT Dots
was printed without the use of any solvent. In addition, a
higher substrate temperature was necessary for the Genesink.
Finally, differences in atomizer, sheath, and exhaust pressures
were observed between the two inks, reflecting their different
viscosities.

The B-Clear and Surgical substrates were mechanically
sanded to remove surface defects and to ensure a uniform
printing surface, whereas the B-Elastic and B-Flex substrates
were cleaned with ethyl alcohol to remove surface contami-
nants. After deposition, the printed samples were subjected to
a low-temperature thermal treatment at 40 °C.

After drying, the samples were sintered using a photonic
sintering process performed with a photonic curing system
(PulseForge 1300, Novacentrix, Austin, TX, USA). The pro-
cessing parameters used for both inks are reported in Table III.

TABLE III
SINTERING PARAMETERS

Parameter Genesink | UT Dots
Voltage (V) 440 440
Envelope (us) 3000 3000
ppulses 10 10
Duty Cycle (%) 20 30
Fire Rate (Hz) 0.3 1.3
Repeat Count 10 6

C. Morphological characterization

Morphological characterization was performed using both
optical microscopy and profilometric analysis. Optical images
were acquired using an NB50T optical microscope (Orma
Scientific, Milan, Italy) equipped with a trinocular head and
light-emitting diode illumination. This analysis was carried
out to assess ink—substrate compatibility and to identify the
presence of printing defects.

For a more detailed surface characterization, three-
dimensional profilometric measurements were performed us-
ing a profilometer (Profilm3D, Filmetrics Headquarters, San
Diego, CA, USA).

D. Mechanical Strain Experimental Framework

Both the dog-bone samples and the cantilever prototype
were tested to evaluate their performance under mechanical
loading conditions using a dynamometer (ESM1500, MARK-
10, Copiague, NY, USA). The applied displacement during
the tests was measured directly by the dynamometer, while
the electrical response of the printed strain gauges was ac-
quired by measuring their resistance with a digital multimeter
(KEYSIGHT, Santa Rosa, CA, USA). All instruments were
synchronized and controlled using LabVIEW.

The dog-bone samples were clamped vertically between
two mechanical grips and subjected to tensile loading. Two
different test protocols were applied, both with a maximum
displacement of 1 mm and a loading speed of 1.5 mm/min.
The gauge length of the specimens was approximately 10 cm;
therefore, a maximum displacement of 1 mm corresponds to
an applied strain of about 1%. This strain level was selected
as a representative small deformation commonly used for the
characterization of flexible strain sensors. In the first protocol
(called PULL-HOLD or PH), the samples were pulled to
1 mm, held at this displacement for 1 minute, and then released
back to 0 mm. This loading cycle was repeated six times to
evaluate the stability of the sensor response over time. In the
second protocol (PULL-RELEASE or PR), the sample was
continuously loaded and unloaded between 0 and 1 mm for
20 consecutive cycles in order to assess the repeatability of
the measurements.

For the cantilever prototype, the base of the sample was
rigidly clamped, while a vertical displacement was applied
at the free tip to induce bending strain in the sensor. The
cantilever tip was displaced by 2.5 mm and then released,
repeating this up-and-down motion for a total of 10 cycles. The
loading speed for these tests was set to 5 mm/min. The chosen
displacement corresponds to an estimated maximum surface
strain of approximately 0.75% on the beam. This strain level
was selected as it represents a moderate deformation expected
during operation, while avoiding excessive bending of the
cantilever tip that could compromise the structural integrity
of the beam, which has a thickness of only 0.8 mm.

ITI. RESULTS
A. Ink-Substrate Compatibility

All tested materials showed sufficient permeability to allow
stable printing. However, cracks were observed in the con-
ductive traces printed on B-Flex and B-Elastic. Profilometer
measurements clearly show separations along the conductive
paths, which prevent electrical current from flowing (Fig. 2).
This issue is caused by the high flexibility of these substrates
compared to the inks’ compliance. As a result, the printed
traces cannot withstand the deformation of the material and
break.

In contrast, no damage or interruptions were observed in the
traces printed on the other two materials. Both B-Clear and
Surgical substrates showed continuous and stable conductive
traces with both inks. The main difference between UT Dots
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Fig. 2. Genesink’s traces on B-Elastic: (a) on microscope with a 0.09 mm
scale bar (b) 3D view from profilometer (c) 2D section from profilometer

and Genesink is the shape and height of the printed traces. The
first produces higher and sharper profiles, with a trace height
of about 8 ym, while Genesink produces smoother and lower
traces, with a height of about 5 ym.

Since only the Surgical and B-Clear substrates provided
reliable electrical conduction, they were selected for further
testing. The B-Flex and B-Elastic substrates were considered
incompatible with both inks and were not used in the following
experiments.

B. Dog-bone structure

Each dog-bone sample was functionalized with three sen-
sors. The use of multiple sensors allowed verification that
the measured resistance values were reproducible and not
due to random variations in the printing or measurement
process. Among the three printed sensors, only the central
one was selected for mechanical testing, as it is located in
the region where the deformation field is expected to be
more uniform. Table IV reports the mean resistance values
along with their corresponding standard deviations for each
combination of substrate-ink. Overall, the UT Dots ink exhibits
lower resistance values compared to Genesink across the tested
substrates. Additionally, for a given ink, the Surgical substrate
shows higher resistance values than the B-Clear substrate.

TABLE IV
MEAN AND STD OF SENSORS IN DOG-BONE SPECIMEN AT REST
Substrate-ink Mean (£2) | Standard Deviation (£2)
B-Clear - Genesink, 1934 +23.3
B-Clear - UT Dots 75.8 +4.9
Surgical - Genesink 354.8 +66.3
Surgical - UT Dots 110 +13.2

All four samples behaved qualitativaley well in both tests
being able to detect the strain induced and responding to it. In
the PH test, shown in Fig. 3, the samples increase and decrease
their resistances in concordance to the stimulus with almost no
delay, even though it must be noted that the speed of the test is

low so it gives time to respond. All the tests show promising
results regarding the stability during the hold phase where the
resistance value changed in the worst case of 0.1%, supporting
the assumption that during stable phases all the inks and
substrates are able to stabilize. If we instead look at the peaks it
can be noted that with the sole execption of B-Clear - Genesink
all the other samples have a tendency to either increase or
decrease their resistance value over time. For reference, the
peak values in the B-Clear - Genesink configuration increased
by only 1.4% of the full-scale range (FSR), whereas the other
Genesink based configuration showed a decrease of 53.1%. In
contrast, both UT Dots configurations exhibited an increase in
peak value, specifically 31.9% for B-Clear and 14.6% for the
Surgical substrate. Since both B-Clear and Surgical exhibited
a similar behaviour when printed with UT Dots inks it is likely
that the increment in resistance is due to the inks properties.
It is possible that, since UT Dots is a less elastic ink than
Genesink, this behaviour is the results of cracking of the ink’s
traces, resulting in an increase in resistance [18]. On the other
hand, a similar behavior of the Surgical - Genesink has been
reported for other viscoelastic conductive inks, which tend to
undergo relaxation phenomena under cyclic loading, leading
to a gradual decrease in relative resistance over time [19] [20].
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Fig. 3. Samples in the PH protocol of: (a) B-Clear - Genesink, (b) B-Clear
- UT Dots, (c) Surgical - Genesink and (d) Surgical - UT Dots

The samples exhibited qualitatively consistent behavior dur-
ing the PR test (Fig. 4). Table V reports the variation in the
initial resistance (Ro) between the 1* and 2™ cycles, and
between the 2™ and 20" cycles normalized by the FSR of
the smaller of the two corresponding cycles.

TABLE V
CYCLE-TO-CYCLE DRIFT OF INITIAL RESISTANCE
Substrate-ink

15 - 27 cycle (%) | 2" - 20™ cycle (%)

B-Clear - Genesink, 9.6 0.7
B-Clear - UT Dots 13 38
Surgical - Genesink 490 374

Surgical - UT Dots 11.5 22.6

The two substrates functionalized with UT Dots ink exhib-
ited a progressive increase in resistance over time. Although



the rate of change decreased with cycling, the variation in
resistance between the 2™ and the 20" cycle remained sig-
nificant, corresponding to 38% of the FSR in one case and
22.6% in the other. A similar trend was observed for the
Surgical - Genesink combination, which showed a pronounced
decrease in resistance over repeated cycles. This variation was
considerably larger than the intrinsic sensitivity of the strain
gauge, indicating that the effect cannot be attributed solely to
the sensing mechanism. Considering the comparatively high
baseline resistance of this sensor with respect to the other sub-
strate printed with the same ink, it is plausible that the sintering
process was not fully effective, resulting in a sensing layer with
suboptimal electrical and electromechanical performance. In
contrast, the B-Clear - Genesink configuration demonstrated
the highest stability. After the first loading cycle, the sensor
rapidly achieved good repeatability and subsequently exhibited
highly consistent responses over successive cycles, with a
variation of only 0.7% between the 2" and the 20™ cycle.

a &78
g 210 c
2 (a) 3 20
c 209.95 c77 18
8 £
(2] [72]
'g 209.9 -g 76 16
14 12 14
0 0.5 1 0 0.5 18,
Displacement (mm) Displacement (mm) 2
>
53075, 5110 195
3 8
g 307 £105 6
k7 ® 4
[} (7]
£306.5 2 & 100 2
0 0.5 1 0 0.5 1

Displacement (mm)

Displacement (mm)

Fig. 4. Samples in the PR protocol of: (a) B-Clear - Genesink, (b) B-Clear
- UT Dots, (c) Surgical - Genesink and (d) Surgical - UT Dots

Based on these preliminary results, the combination of
material and ink selected for the cantilever prototype was the
B-Clear substrate functionalized with Genesink. This choice
appears to be the most suitable at this stage, primarily due
to its superior stability over time and its rapid attainment of
repeatable measurements, requiring only one or two loading
cycles.

C. Prototype in cantilever configuration

The cantilever prototype exhibited a reliable mechanical
response, demonstrating the ability to detect the deformation
applied at the tip through strain measurements at its base. As
shown in Fig. 5, the sensor response displayed good repeata-
bility over the first eight loading cycles. A slight decrease
in resistance was observed during the last two cycles, which
is likely attributable to material relaxation effects previously
identified, potentially enhanced by the relatively high strain
levels applied to the sensor.

In addition, the signal recorded during the final two cycles
appears noisier, suggesting a possible contribution from the

electrical wiring. Since the connections used were not flexi-
ble, partial mechanical damage or instability during repeated
bending cannot be excluded.
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Fig. 5. Bending test of the cantilever at 2.5mm of tip displacement at
Smm/min speed

The sensor response exhibited a nonlinear behavior in the
low-displacement regime (0—1 mm), where the sensitivity was
significantly lower compared to the higher displacement range
between 1 and 2.5 mm. This behavior can be attributed to the
presence of a triangular support element positioned beneath the
cantilever to enhance structural stability and prevent premature
failure. While this reinforcement improves mechanical robust-
ness, it locally increases the stiffness of the structure, thereby
limiting strain transfer to the sensor at small displacements
(< 1 mm). This limitation can be effectively mitigated by
operating the system in a pre-tensioned configuration, ensuring
that the sensor primarily functions within the displacement
range above 1 mm, where higher sensitivity (of 1.8 {2/mm)
and more linear behavior are observed.

The resistance values of the printed sensors integrated on
the cantilever exhibited significant variability, ranging from
61Q to 1802, with a mean value of 91. This spread
can be primarily attributed to printing defects and surface
irregularities of the substrate. As shown in Fig. 6, the sub-
strate presents randomly distributed defects, and its surface
is inherently rough and characterized by pronounced ridges.
These imperfections and the lack of surface smoothness affect
the uniformity of the printed traces, leading to variations
in geometry and, consequently, in the resulting electrical
resistance. In future developments, the prototypes will undergo
a dedicated surface treatment process aimed at smoothing the
substrate and eliminating defects and ridges. This approach is
expected to significantly reduce the variability in the printed
sensor resistance.

IV. CONCLUSIONS AND FUTURE DEVELOPMENTS

This study presented a preliminary evaluation of aerosol jet
printed silver-based strain gauges integrated onto additively
manufactured, biocompatible resin substrates for mechanical
measurements within bioreactors. The results demonstrate
that ink—substrate compatibility strongly depends on the me-
chanical properties of the underlying material. Highly elastic
resins (BioMed Elastic 5S0A and BioMed Flex 80A) led to



LS TR A T T e

WP i

gl

\

h

a2
=

B ARIAL

i

i

Fig. 6. Imperfections of the prototype’s substrate shown at the microscope.

cracking and electrical discontinuities in the conductive traces,
indicating insufficient mechanical compliance between ink
and substrate. In contrast, BioMed Clear and Surgical Guide
substrates ensured stable and continuous conductive paths.
Among the tested combinations, BioMed Clear functional-
ized with Genesink exhibited the most stable and repeatable
electromechanical response under cyclic tensile loading. In
the PULL-HOLD protocol, this configuration showed a peak
drift limited to 1.4% of the full-scale range (FSR), while in
the PULL-RELEASE test the cycle-to-cycle variation between
the 2" and 20" cycles was only 0.7%. The cantilever pro-
totype further confirmed the feasibility of integrating printed
strain gauges onto additively manufactured components. The
selected BioMed Clear-Genesink configuration enabled repeat-
able bending detection, achieving a sensitivity of 1.8 {2/mm
in the linear operating region (1-2.5 mm displacement). Al-
though nonlinear behavior at low displacement and minor
signal drift were observed, the system was able to detect
bending-induced strain, providing practical insight into ma-
terial selection and structural design considerations. Over-
all, this work establishes the feasibility of using aerosol jet
printed strain gauges on biocompatible photopolymer resins
and provides initial guidelines for material-ink pairing and
mechanical design. While the study does not yet demon-
strate biological validation, it defines a technical foundation
for instrumented bioreactors enabling real-time monitoring of
applied physical stimuli and mechanical characterization of
cultured cell-based constructs. Future developments will focus
on improving surface finishing to reduce resistance variability,
optimizing sintering parameters, and integrating the sensing
component into a bioreactor able to provide cyclic stretch
stimulation to multiple cell-based constructs.
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