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Stress concentrations in polymer matrix composites occur due to non-uniform
loadings which develop near the interface between the matrix and reinforcement
in a stressed composite. Methods to better understand the evolution of this stress
concentration are required for the development of advanced composites.
Mechanophores, which are stress responsive molecules, can be embedded
into the polymer matrix and used to quantify the local stresses in a loaded
composite. In this work, single particle model composites were fabricated by
combining functionalized glass particles embedded into a silicone/
mechanophore matrix. Confocal microscopy was then used to measure the
mechanophore activation in situ during mechanical loading. The fluorescence
intensity was correlated to maximum principal stress values obtained from a finite
element analysis (FEA) model of the system utilizing an Ogden hyperelastic model
to represent the elastomer. By calibrating stress to fluorescence intensity spatially,
quantitative stress measurements can be obtained directly from fluorescent
images. To validate this technique, calibrated stress values for a two-particle
composite system were compared to a FEA model and good agreement was
found. Further experiments were performed on silicone matrix composites
containing short cylindrical particles oriented with their major axis parallel or
perpendicular to the stretching direction. To demonstrate the versatility of the
single particle intensity/stress calibration approach, maximum principal stress
values were mapped on the fluorescence images of the cylindrical
experiments. This technique has potential to quantify stress concentrations
quickly and accurately in new composite designs without the use of FEA
models or differential image correlation.

KEYWORDS

mechanophore, silicone, composite, stress distribution, mechanics

Introduction

Polymer matrix composites combine the toughness of thermoset polymer matrices
with the strength and stiffness of rigid particle or fiber reinforcements to obtain an
optimized system which is strong and lightweight. This enhanced material performance
is a result of efficient stress transfer to the reinforcement phase through the matrix.
During mechanical loading, large stress concentrations often develop near
the reinforcement phase due to non-uniform loading within the material.
These stress concentrations often lead to catastrophic failure of the composite
(Hedgepeth and Van Dyke, 1967; Carman et al., 1993). Understanding how and
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where these stress concentrations occur in composites is
important for predicting material performance and optimizing
new composite designs.

Current experimental techniques for measuring stresses or
strains within polymeric materials include digital image
correlation (Tekieli et al., 2017; Janeliukstis and Chen, 2021),
photoelasticity measurements (Voloshin and Burger, 1983;
Dijkstra and Broere, 2010), or mechanophores (Kim T. A.
et al., 2020; Rencheck et al., 2021). Digital image correlation
relies on speckling the surface of samples with high contrast
particles and tracking the movement of these particles to
determine local strains in the sample. However, this technique
assumes uniform strains through the thickness of the sample,
making analysis of internal stress concentrations difficult.
Likewise, photoelasticity measurement is a full field technique
that obtains a projection of the strains through the entire
thickness of the sample. It relies on conformational
rearrangement of the matrix to produce changes in the
birefringence. To measure three-dimensional internal stress
distributions in composite materials, a technique with high
resolution in the thickness direction is required.

Mechanophores are molecules which undergo a structural
change upon the application of a mechanical load (Li et al., 2015;
Deneke et al., 2020; Niggemann and Göstl, 2022). This change
can result in an optical or catalytic response to the mechanical
stimulus. The optical change from a non-fluorescent to
fluorescent state or a color change can be used to detect
mechanophore activation. Fluorescent mechanophores are
compatible with fluorescence microscopy and allow for
spatial resolution of the stresses in transparent samples
(Woodcock et al., 2017; Davis et al., 2021; Morelle et al.,
2021; Rencheck et al., 2021). Of the various mechanophores
that have been reported, spiropyran is a popular choice for stress
detection due to its ability to undergo both a fluorescence and
color change, allowing observations through both absorption
and emission spectrometry (Beiermann et al., 2011; Gossweiler
et al., 2015; Li, 2017; Li et al., 2018; Celestine et al., 2019; Kim D.
W. et al., 2020; Cao, 2020; Chen et al., 2020; 2021; Grady et al.,
2020; Shannahan et al., 2021).

For simple geometries, analytical solutions of the local
stresses within a loaded composite can be derived to determine
stress concentrations. However, for practical composites which
contain complex geometries these solutions cannot be derived.
Finite element analysis (FEA) is a tool used to simplify the
analysis by modeling the problem as a discrete number of
sections, or elements, which can be easily treated by a
computer using linear algebra and given the constitutive
properties to simulate the stress and strain response within a
mechanically-loaded materials system. While being a powerful
tool, FEA relies on assumptions about the material properties,
along with the loads and boundary conditions and requires
verification and validation to ensure accuracy of the model.
For composite geometries, models require careful selection of
element shapes and sizes (“meshing”) to capture the complexities
of composite systems.

By combining experimental approaches with FEA to calibrate
mechanophore activation, direct quantitative stress measurement
has recently been achieved by others. Xia et al. similarly modeled

a spiropyran system using FEA to simulate a projectile impact in
which colorimetric analysis was used to correlate to the von Mises
stress calculated from an FEA model (Xia et al., 2019).
Colorimetric analysis relies on utilizing a mechanophore which
exhibits a color change. Prior work has correlated stresses
calculated from FEA to experimental mechanophore activation
data (Chen et al., 2020; Chen et al., 2021). In their work, single
edge notch experiments were correlated with FEA models
containing a cohesive zone model to simulate crack growth.
Nominal stresses from the model were correlated to
colorimetric absorbance intensity measurements from
experiments. While this is a straightforward experimental
technique, it utilizes synthetically complex interpenetrating
polymer networks that are extremely tough. These materials
can be deformed to stresses much greater than the activation
stress of the mechanophore. For more brittle materials, like
commercially available silicones, it can be difficult to achieve
sufficient stress to activate the mechanophore prior to reaching
the fracture strength of the network. This lack of mechanophore
activation was experimentally observed in single edge notch
tensile tests detailed in Supplementary Figure S6. Further, full
field absorbance measurements utilized by Chen et al. cannot
resolve differences in the 3D stress field through the thickness of
the material. In polymer matrix composites, the stress field can
often be complex and non-uniform through the thickness. The
technique presented here is applicable for more brittle,
commercially available networks and can be generalized to any
fluorescent mechanophore, including those that exhibit little or
no colorimetric response.

Our group has previously reported a method to correlate
fluorescence intensity of mechanophore activation from in situ
mechanical experiments to hydrostatic stresses from a finite
element model (Rencheck et al., 2021). Rigid spherical silica
particles were embedded into a commercially available
polydimethylsiloxane functionalized with spiropyran to provide a
concentrated stress region within the matrix where internal local
stresses exceed the fracture toughness of the matrix. The Gc of our
SPN functionalized PDMS is 0.13 kJ/m2, an order of magnitude
lower than Gc values reported for the multiple network elastomers
used by Chen et al. This approach allows for a large stress gradient to
be observed within a single field of view, greatly simplifying the
calibration procedure. The composite samples were strained
uniaxially in tension and the MP activation was observed with a
fluorescence microscope. The adhesive strength of the interface
between the particle and matrix was varied to observe various
failure mechanisms. At high strains, debonding occurred as
previously reported by Gent and Park (Gent and Park, 1984). To
represent the different failure mechanisms within the FEA model, a
carefully constructed cohesive zone model (CZM) was
implemented. The traction separation law governing the CZM
was adjusted to represent the adhesive strength of the interface.
The correlation between hydrostatic stress and fluorescence
intensity was then utilized to quantify stresses in the
experimental images.

Here, we build upon our previous work and improve the
methodology both experimentally and computationally to
produce a more user-friendly technique. We optimize our
experimental conditions to no longer necessitate the use of
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complicated cohesive zone models by tailoring the interfacial
chemistry between particle and matrix. The computational
complexity is further reduced by modeling a smaller portion of
the total system. Additionally, the figure of merit reported by our
new FEA modeling approach is the maximum principal stress
rather than the hydrostatic stress. This subtle change captures
shear stresses in the matrix near the particle surface and better
represents the mechanophore activation observed
experimentally.

In this work, single particle composites were fabricated utilizing
silanized silica spheres as stress concentrators embedded in a
silicone matrix functionalized with mechanophores.
Mechanophore activation was monitored in situ using a confocal
fluorescence microscope as the samples were strained under uniaxial
tension. The resulting images are correlated to maximum principal
stress values calculated from a finite element analysis model utilizing
an Ogden hyperelastic model to represent the matrix. A calibration
was constructed to allow direct stress measurements from
fluorescence intensity values. To demonstrate the utility of this
approach, two-particle composite samples were fabricated to
validate the capabilities of the technique. FEA modeling of the
two-particle system was in good quantitative agreement with the
experimental stresses measured from MP intensity. Further
experiments were performed on silicone matrix composites
containing short cylindrical particles oriented with their major
axis parallel or perpendicular to the stretching direction. To
demonstrate the universality of the single particle intensity/stress
calibration approach, maximum principal stress values were
mapped on the fluorescence images of the two particle and
cylindrical experiments. This technique has potential to quickly
and accurately quantify stress concentrations in new composite
designs without the use of FEA models.

Materials and methods

Surface functionalization

To ensure covalent attachment of the polydimethylsiloxane
(PDMS) network to the particle surface, the silica particles were
treated with vinyltriethoxysilane (VTEOS) (Gelest). Glass particles
with diameters of 500 µm ± 50 µm (BioSpec Products) were added to
a solution of approximately 5 vol% silane in toluene (Sigma-Aldrich,
99.8%, anhydrous) and reacted at 150 °C for 24 h in a sealed vessel.
Particles were triple rinsed with toluene, methanol, and water,
successively. Absorbed water was removed by drying the particles
at 120°C for 1 h.

Sample fabrication

Polydimethylsiloxane elastomer (Sylgard 184, Dow) was
prepared at a 10 to 1 base to curing agent ratio by mass with
0.6 wt% Nitro-Spiropyran (SPN) (Figure 1A). A concentration of
0.6 wt% results in roughly 6.6 million SPN molecules per cubic
micron at an average distance of 6.6 nm from each other. Further
details are provided in SI. Nitro-Spiropyran was prepared using a
previously reported method (Gossweiler, 2014; Rencheck et al.,
2021). The mechanophore was dissolved into xylenes (Acros
Organics, 99%, ACS Reagent) at a concentration of 0.05 g/mL
to increase solubility in the PDMS. The mechanophore solution
was added to the PDMS elastomer base and vortex mixed (LP
Vortex Mixer, Thermo Scientific) for 60 s to homogenize the
prepolymer. The crosslinker was then added and vortex mixed for
an additional 60 s. The mixture was degassed under vacuum for
600 s to remove air bubbles before being cast. Molds were filled

FIGURE 1
Mechanophore calibration experimental approach. (A) Spiropyran (SPN) mechanophores (MPs) transition from a non-fluorescent, inactive state to a
fluorescently active state through an isomerization induced by the application of force. (B)MP activation was observed in situ by mounting a load frame
above a laser scanning confocal microscope. Samples were deformed under uniaxial tension while both the force-displacement and fluorescence
images were obtained. (C) Uniaxial tension specimens were fabricated by casting a polydimethylsiloxane (PDMS) network functionalized with SPN
into sheets containing a single spherical silica particle embedded at the midplane. Dimensions of the specimen are detailed in the schematics of the top
and side view of a sample. (D) Image of in situ uniaxial testing setup comprised of a micromechanical load frame mounted over the inverted microscope
objective.
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with a 1 mm thick layer of the uncured SPN/PDMS mixture and
placed in a 70°C oven for 1,200 s to partially cure the PDMS and
prevent the silica particles from settling. The particles were
manually placed into the samples and an additional 1 mm
thick layer of SPN/PDMS was added on top. Samples were
cured in a vacuum oven at 70°C for 24 h at 380 mmHg
vacuum. Both single particle and two-particle samples were
prepared in this manner. Cylindrical particles were fabricated
by removing the coating from glass optical fibers (Thorlabs) with
a diameter of 400 µm and manually cutting short segments from
the fiber. The cylindrical particle-containing composites were
fabricated utilizing the same procedure as for the spherical
particles (silane functionalization, sample fabrication, and
thermal curing).

Uniaxial tensile tests

Samples were cut manually with a scalpel to dimensions of
10 mm by 30 mm by 2 mm (Figure 1C) and mounted in a
micromechanical load frame (µTS, Psylotech) using custom
3D printed grips. The instrument was secured to a custom
microscope stage insert and then positioned over the
objective of an inverted microscope (SP8, Leica
Microsystems) described in more detail below (Figures 1B,
D). Samples were strained uniaxially at a rate of 0.1% s−1 in
tension until failure.

Confocal microscopy

Fluorescent microscopy images were acquired using a laser
scanning confocal microscope (SP8, Leica Microsystems) with a
long working distance 5X, NA = 0.15 air objective. A laser (λ =
552 nm) at 0.5 mW power was used to excite the samples. The
photomultiplier tube (PMT) detector captured emission
wavelengths from 600 nm to 725 nm with a gain of 650 mV.
Images (2325 μm by 1,162 μm, 2048 pixels by 1,024 pixels) were
acquired at the midplane of the samples with a depth of field of
51.3 μm and a scan time of 1.5 s every 10 s. To account for minor
inter-sample differences in mechanophore concentration,
fluorescence intensity values were normalized. To normalize
fluorescent intensity values, a region of the sample far from the
particle was photoactivated using an excitation wavelength of
405 nm at 0.07 mW for 10 s. The subsequent fluorescence
intensity value of the photoactivated sample was acquired
with the same scan settings and was used to normalize the
fluorescent intensity of the mechanophore activation.
Normalization was achieved by dividing raw intensity values
by this normalization intensity to obtain our normalized
intensity values.

Finite element analysis (FEA)

FEA computations were completed utilizing Abaqus
commercial software (Abaqus/CAE 2021). To simplify the
analysis, only one quadrant of the sample is modeled as a 2D

cross section (Supplementary Figure S3). Four node hybrid
cohesive plane strain elements with reduced integration
(CPE4RH) were used to model the PDMS matrix. The
constitutive relationship governing material properties was fit
to experimental data utilizing a Poisson’s ratio of ν = 0.495 and
produced a second order Ogden hyperelastic model with
constants of μ1 = 0.4095 MPa, μ2 = 2.43E-2 MPa, α1 = 1.11,
and α2 = −6.19 (Ogden, 1972). The model had dimensions of
5 mm by 10 mm. The particle was modeled as a single quadrant
with a radius of 250 µm. The particle was also modeled as an
elastic solid with a modulus of E = 70 GPa and a Poisson’s ratio
of ] = 0.3. Due to the covalent bonding formed at the interface
from the silane treatment on the glass particles, we assumed an
infinitely strong interface between the particle surface and
PDMS matrix (Supplementary Figure S1). The elements at
the interface in the model were tied together to create a non-
deformable interface. Symmetry boundary conditions were
placed on the interior faces of the quadrant to reduce
computational complexity. A displacement boundary
condition was applied to the top surface with a magnitude of
15 mm to reach a maximum simulated strain of 150%. Further
details of the FEA model can be found in the Supplementary
Material.

Results and discussion

In order to visualize the stresses in a loaded composite system,
we fabricated simple composites containing mechanophores in
the matrix and a single spherical particle as the reinforcement.
We observed the fluorescence activation intensity in situ while
applying uniaxial tension to the specimen. To measure the
stresses within the system, we constructed an FEA model
which utilized an Ogden hyperelastic model to represent the
material properties of the matrix. By correlating the experimental
fluorescence micrographs to the calculated stress distributions
from the FEA at a given strain, we constructed a calibration to
measure stresses from any micrograph collected under identical
imaging conditions and mechanophore content. We validated
our calibration method by comparing the calibrated stress
response measured experimentally for a two-particle composite
sample to an FEA model which simulated the same system. Upon
finding good agreement between the two particle experiments
and model, we then applied the same calibration to more complex
composites comprised of finite rigid cylinders at different
orientations relative to the applied tension.

In our previous work, the interfacial strength between the
silica particle and the PDMS matrix was tailored utilizing oxygen
plasma irradiation on the surface of the particles and varying the
exposure time (Rencheck et al., 2021). While a simple technique
for improving adhesion between the particle and matrix, failure
still occurred interfacially rather than in the bulk of the matrix,
requiring careful treatment of the interfacial debonding in the
original FEA by treating the interface with a cohesive zone model.
By switching to a silane surface modification, our new composites
failed through a cavitation response in the matrix as shown in
Supplementary Figure S2. This cavitation indicates that the
cohesive strength of the PDMS is lower than the interfacial
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strength between particle and matrix. This assumption allows for
the simplification of our modified FEA model by utilizing a tied
interface, rather than a cohesive zone model.

A representative stress strain curve showing the bulk
material response as well as the Ogden fit used for the FEA is
shown in Figure 2A along with a series of micrographs showing
the fluorescence gradient in Figure 2B at various strains. As
shown in Figure 2B, there is little change in the fluorescence
intensity found in the micrographs between ϵ = 0% i) and
ϵ = 75% ii). The mechanophore activation in the sample
below this point is below the detection threshold of the
imaging technique. Beyond this initial strain period, a
significant change in fluorescence intensity occurs as the
sample reaches ϵ = 100% iii) and ϵ = 110% iv). After the
sample reaches a global strain of approximately 70% where
the mechanophore activation is detectable, the intensity
begins to increase monotonically with the global strain as
evident in the micrographs. In the region immediately
adjacent to the particle in the loading direction, a depletion
zone occurs where mechanophore activation is significantly
lower than expected from previous hydrostatic stress models
(Rencheck et al., 2021).

To account for the depletion zone at the poles and capture
the off-axis stresses near the particle surface, a different stress
descriptor was needed for this study to more accurately
represent the observed mechanophore activation. As shown
in Supplementary Figure S4A, stress profiles of hydrostatic, von
Mises, and maximum principal stresses were overlayed with the
fluorescence profile of the composite. Hydrostatic stresses
significantly overestimate the stresses near the interface of
the particle while both von Mises and maximum principal
stresses have a similar depletion zone to experiments.
Maximum principal stress was chosen as the stress quantity
for this study due to the similarities between the

fluorescence contour and the stress contours (Supplementary
Figure S4B).

The predicted maximum principal stress from the FEA
simulation is shown in Figure 2C for a single particle in a
hyperelastic matrix at various strains. At high strain values, the
characteristic shape of the mechanophore activation near rigid
spheres begins to form (iii). The stresses parallel to the loading
direction are responsible for the general shape of the stress
concentration in the vertical direction. However, the stress
concentration at around 30° relative to the loading direction is
induced by shear stresses near the particle surface. The
aforementioned depletion zone occurs where the shear stresses
overlap the tensile stresses. Hydrostatic stresses fail to
incorporate the shear stress contribution to mechanophore
activation which necessitated a more representative stress
quantity. To better represent the mechanophore activation, we
correlated the fluorescence intensity to the maximum principal
stress. While this stress quantity does not distinguish the
directionality of the stresses, it signifies the largest stress within
the polymer matrix at any given point. As mechanophores activate
in tension applied across the labile bond, they cannot distinguish
stresses that are globally tensile, compressive, or shear in nature.
Qualitatively, this stress quantity agrees well with the general shape
of the mechanophore activation near the particle.

Comparing the experimental fluorescence intensity gradient to
the calculated stress gradients radially at several angles around the
particle reveals some interesting behaviors of this system. A 20-pixel
wide line scan of the fluorescence intensity was taken from the edge
of the particle radially outward into the matrix at 0°, 30°, 45°, and 90°

relative to the loading direction at ϵ = 110% as indicated in
Figure 3A. Likewise, analogous stress profiles of the maximum
principal stress were taken from the FEA model (Figure 3B).
Plotting these line scans on the same x-axis (Figure 3C) reveals
agreement in the general shape of the intensity and stresses at the

FIGURE 2
Fluorescence and stress evolution during mechanical loading. (A) Bulk material properties were characterized via quasistatic uniaxial tensile testing.
The relationship between stress and strain was fit with an Ogden hyperelastic model to determine materials constants for the finite element analysis
simulations. The tensile response of a representative test is shown. (B) As the specimen is strained from 0% (i) to 110% (iv), the fluorescence intensity
increases, producing a characteristically shaped fluorescence micrograph concentrated in the loading direction as well as at 30° relative to the
stretching direction along the sides of the particle. The black semicircle at the bottom of each image is the top half of the particle. The scale bar in (i)
applies to all images. (C) Predicted stress evolution through finite element analysis. Maximum principal stress is related to MP activation due to the stress
orientation insensitivity observed by MPs. Stress concentrations in the loading direction occur due to tensile stresses while the stress concentration near
30° occurs due to shear stresses near the particle. Inset schematic in (A) indicates the stretching direction applied in image sequences in (B) and (C).
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various angles. In the loading direction (0°), the maximum
fluorescence intensity is found at approximately 110 μm from the
particle while the largest stress value is found at 115 μm. At 0° there
is some disagreement between the FEA model and the experiment
within the first 100 μm from the particle. We theorize that this is a
consequence of the assumption of an infinitely strong interface.
Without the use of a cohesive zonemode, elements near the interface
were overly constrained and experienced higher stress. The

normalized background fluorescence intensity is around
0.25 which indicates that for this particular SPN/PDMS system,
our calibration is insensitive to stresses below approximately
2.0 MPa (indicated by the grey rectangle). The mobility of the
PDMS chains and the activation energy threshold of SPN limits
the sensitivity of the technique as well as the detection limit of our
confocal microscope. The stresses at 30° and 45° follow the shape of
the intensity profile until reaching this threshold stress value, after

FIGURE 3
Fluorescence intensity and stress distributions as a function of angle. (A) Fluorescence and (B) FEA images illustrating locations of line scans taken
from the edge of the particle and extending radially outward into thematrix at 0°, 30°, 45°, and 90° relative to the loading direction to quantify intensity and
stress, respectively. Images are 500 μm by 500 μm. (C) Normalized fluorescence intensity and maximum principal stress as a function of distance from
particle surface. The region in grey indicates the region where the background fluorescence intensity dominates the response. This region does not
end at a stress value of 0 due to aminimum stress requirement to activate MPs. Once this critical stress value is reached, the MP activation scales with the
stress.

FIGURE 4
Calibration of mechanophore intensity to max principal stress. (A) Line scans at 0° relative to the loading direction were taken from the edge of the
particle into the matrix. Due to disagreement between the model and experiment near the particle interface, the first 100 μm of this scan are excluded.
Intensity line scans from experiments were plotted against stress line scans obtained from FEA at various strain steps as shown in Figure 3. Intensity values
obtained at high strains have been systematically shifted upwards to account for photoreversion of the SPN resulting from repeated imaging. The
raw curve and shift factors are shown in Supplementary Figure S4. A linear fit was applied to the data above themechanophore threshold activation stress
(approximately 2 MPa for the sensitivity of the detector and SPN concentration used in this study). Applying this linear fit to our experimental images
allows us to create calibrated images (B) of max principal stress in our composite materials. The calibrated image was obtained at an applied engineering
strain of 110%.
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which the fluorescent signal is indistinguishable from the
background.

Line scans at 0° relative to the loading direction were taken every
10% strain increment from 0% to 110% strain with additional traces
every 5% from 75% to 105% for both the FEA and the experimental
data. Plotting normalized fluorescence intensity against the
calculated maximum principal stress reveals the minimum stress
required to activate mechanophores along with the linear
relationship between fluorescence intensity and stress above that
critical value (Figure 4A) To account for fluorescence reversion and
photobleaching of the mechanophore, a vertical shift factor was
applied to strains above 75%, where the mechanophores begin to
activate. Details of the application of this shift factor are outlined in
Supplementary Figure S5 along with photoreversion experimental
details. Taking the calibration value above the onset stress, we can
assign a stress value tomicrographs based on relative intensity values
(Figure 4B).

We applied the calibration for the single particle system to a
sample with multiple particles as a validation of the approach. A

sample containing two VTEOS functionalized particles was
deformed using the same experimental approach. We then
normalized fluorescence intensity values before applying our
calibration to the micrographs. We observed a strong intensity
between the particles resulting from the overlapping stress fields
that form at the poles of each particle. We used the particle size
and relative initial spacing in the unstrained composite to
construct an FEA model of the experiment to validate our
technique. The calibrated images in Figure 5 are in good
agreement with the FEA model. Stress values of less than
2.0 MPa cannot be measured with our system as that is the
SPN activation detection limit of our confocal microscope.
While the profile of the stresses in the calibrated images agrees
with the FEA model, the measured stresses are lower than
expected from the FEA model at high strains. However, as
shown in Figure 5A, during the experiment the samples
developed cavities between the two particles at strains above
75% that were not observed in our “infinitely strong” FEA
matrix. To highlight the sensitivity of our technique and show

FIGURE 5
Demonstration of MP calibration for two-particle system. (A) In situ fluorescence images obtained for a two-particle composite deformed from 0%
to 100% strain as indicated on the left. (B) Corresponding calibrated stress images utilizing calibration determined from single-particle experiments. (C)
FEA model of a two-particle system. Scale bar in C.iv applies to all images. (D) Schematic representation of loading orientation.
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that the FEA simulation is still in good qualitative agreement with
our experiments, an inset of Figure 5B (iv) just prior to cavitation
is shown with a rescaled stress color scale. The stress gradient
between the particles is qualitatively similar to the FEA result of
Figure 5C (iv), though obviously at much lower stress values.

As demonstrated in Figure 5, highlighting the stress field that
develops between two particles in close proximity, the detection of
small local stress localizations and gradients is important when
evaluating stresses that develop in the matrix between particles or
fibers in loaded composites. If the shape of the particles or
arrangement of the fibers is irregular, the stress concentrations
can be even more acute, as demonstrated by the insets in
Figure 6 near a sharp corner. Utilizing a laser scanning confocal
microscope enables diffraction-limited resolution of these stress
fields to be achieved.

To highlight the capabilities of this technique, more complex
composites were constructed utilizing rigid glass cylinders as the
reinforcement material. As highlighted in (Figure 6) the particles
were oriented both perpendicular (Figure 6A) and parallel
(Figure 6B) to the loading direction in the matrix. As the
perpendicular sample is strained to 125%, the fluorescence
intensity is localized to the sharp edges of the particle as
observed in Figure 6A i–iv. Applying the calibration (v–viii), we
find that a high stress concentration occurs at these points which is
expected by traditional composite wisdom. Likewise, for the parallel
configuration, the fluorescence intensity is localized to the edges as
the sample is strained (Figure 6B i–iv). However, an especially sharp
edge was present in the sample, leading to a failure strain of just over

40%. As shown in the inset in viii, the stress concentration
immediately in the vicinity of the sharp tip was significantly
higher than the surrounding matrix. This stress concentration
becomes the nucleation point for the fracture surface which leads
to the ultimate failure of the composite as the crack propagates
outward from this point.

Conclusion

By fabricating single particle composites with silanized
silica in mechanophore-functionalized polydimethylsiloxane
and testing the composite in uniaxial tension, we have
created a system that can be modeled simply in FEA. We
have demonstrated a technique to correlate fluorescence
intensity measurements from experiments to calculated
stresses from the FEA. A calibration curve to relate relative
fluorescent intensity to maximum principal stress was used to
create calibrated images in which stresses can be measured. The
technique was validated by replicating the experiment in a two-
particle system. The single particle calibration was used to
measure the stresses in a two-particle system. The measured
stresses were compared against calculated stresses from FEA,
and we found good agreement for the simple composites.
Additionally, in situ experiments investigating the stress
distribution that form around short cylindrical particles were
performed and the calibration determined from the single
particle composite was applied.

FIGURE 6
Demonstration of MP calibration for varied particle orientations. (A) Mechanical deformation of short glass cylinder perpendicular to loading
direction. (i–iv) In situ fluorescence intensity images obtained for a short cylindrical particle deformed from 0% to 125% strain. v–viii) corresponding
calibrated stress images utilizing calibration determined from single-particle experiments. Note stress concentrations near sharp edges of cylinder.
(B) Mechanical deformation of short glass cylinder parallel to loading direction. (i–iv) In situ fluorescence intensity images obtained for a short
cylindrical particle deformed from 0% to 40% strain. (v–viii) corresponding calibrated stress images utilizing calibration determined from single-particle
experiments. Due to an especially sharp edge at the bottom left of the cylinder, stress concentrations are observed at significantly lower global strains
than observed for rounder particles.

Frontiers in Soft Matter frontiersin.org08

Gohl et al. 10.3389/frsfm.2023.1125163

https://www.frontiersin.org/journals/soft-matter
https://www.frontiersin.org
https://doi.org/10.3389/frsfm.2023.1125163


This mechanophore stress calibration technique shows promise
as a low cost and simple analysis tool for testing and validating novel
composite designs with complex stress distributions. By embedding
mechanophores into the matrix and probing optically, the stress
distributions can be measured non-destructively. The capability of
this technique to be employed in situ shows potential to enhance
high throughput mechanical testing of composite prototypes. This
work can be extended into other material systems that are
industrially relevant for polymer matrix composites. As more
mechanoresponsive molecules are synthesized, a method for
quickly developing a calibration for the mechanophore response
to the local stress in the matrix is essential. These novel
mechanophores will be used to quantify stresses in fiberglass
reinforced composites as well as other epoxy based structural
composites in future studies.
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