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Programming the photoelasticity of hydrogels for
label-free mechanosensing by a simultaneous
birefringence-stress reader (SiBRe)

Riku Katsuki,a Marc Eisenmann,b Shalika Singh,c Takayuki Tomarub and
Masumi Taki *ad

We present a strategy to program hydrogel photoelasticity using

rationally designed force-transducing crosslinkers. Enabled by a

simultaneous birefringence-stress reader (SiBRe), we show that

stress-induced unfolding of flexible linkers can amplify the optical

response, establishing a robust, dye-free platform for quantitative

mechanosensing.

Visualizing molecular-scale forces is paramount for under-
standing the mechanical behavior and failure of polymeric
materials. To this end, significant research has focused on
utilizing mechanophores—molecular units that respond to
mechanical stimuli by altering their optical or chemical proper-
ties—to probe these invisible forces at the molecular level.1–3

Prevailing strategies have evolved from force-induced covalent
bond cleavage in molecules like spiropyrans,4–6 rhodamines7–9

and Diels–Alder adducts10,11 to more recent reversible
approaches that leverage Förster resonance energy transfer
(FRET) or the dissociation of supramolecular structures.12,13

These mechanophore-based approaches are increasingly
embedded in soft polymer networks, particularly hydrogels, to
visualize and quantify piconewton- to nanonewton-scale cellular
forces.14 Such tools, which are critical for mechanobiology’s goal of
understanding forces in three-dimensional environments, have
been developed using a range of platforms and mechanisms,
encompassing FRET in proteins,15 DNA,16,17 and rotaxanes,18 exci-
mer fluorescence,19 strain-induced crystallization,20 and host–guest
systems.21

Despite these advancements, the application of these
approaches in hydrogels for sensitive, quantitative force

measurements suffers from significant limitations. The optical
signal generated upon tension is often obscured by the materi-
al’s pre-existing background fluorescence. Furthermore, achiev-
ing a substantial signal change frequently requires material
deformations exceeding 300%, a range unsuitable for most
biological systems.15,20 These limitations highlight the need for
an alternative sensing modality that does not rely on chemical
reactions or fluorescence, but instead on a direct physical
response to stress.

Stress-induced birefringence (i.e., photoelasticity) provides a
dye-free physical readout,21 yet it has rarely been developed for
quantitative sensing of small, cellular-scale forces in specific
systems.22–24 While hydrogels are typically optically isotropic,
they can develop local anisotropy and thus exhibit birefrin-
gence when their internal polymer chains align in response to
external stress.25 Although birefringence measurements have
been employed to analyze internal material anisotropy26–28 and
are finding applications in soft robotics,21 these studies have
predominantly focused on robust gels designed to withstand
large forces. To the best of our knowledge, research utilizing
birefringence as a quantitative sensor for small, cellular-scale
forces remains scarce in synthetic hydrogels.

In this proof-of-concept study demonstrating quantitative
mechanosensing via photoelastic response, we establish a
strategy to molecularly program hydrogels using a custom-
built simultaneous birefringence-stress reader (SiBRe; Fig. 1)
that co-registers birefringence (Dn) and true stress (s). Focusing
on polyacrylamide (PAA) as a model hydrogel, we first validated
the material’s mechanical linearity to ensure quantitative relia-
bility. While hydrogels generally exhibit hyperelastic nonlinear-
ity or strain-stiffening at large deformations,29 our tensile
testing of the 12% (w/v) PAA matrix (crosslinker ratio 19 : 1)
confirmed approximate linearity within the targeted low-stress
range (so 15 kPa, corresponding to strain eo 0.25) relevant to
cellular forces (Fig. S2, SI). This linear approximation in the
initial strain range is consistent with previous mechanical
characterizations of PAA networks,28 justifying the use of a
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constant stress-optical coefficient within this specific dynamic
range. With the current sample geometry, SiBRe affords a
practical stress resolution of B1 kPa (Fig. 2A and B). We note
that this resolution is improvable; it is determined by the ratio
of force sensor precision to the sample’s cross-sectional area,
allowing for higher sensitivity with larger samples (see SI for
details).

We then employed SiBRe to characterize the intrinsic photo-
elasticity of the matrix, revealing that the stress-optical coeffi-
cient C of PAA reversed sign with concentration to cross zero
near 10% w/v (Fig. 2A and B). This determination relied on the
strict linearity observed in the small-stress regime (Fig. 2A),
which is consistent with previous studies on viscoelastic
hydrogels.21 On the basis of standard polymer network the-
ories, we attributed this transition to the competitive interplay
between two distinct optical contributions: C = Cint + Cform.30

Here, Cint represents the negative intrinsic birefringence (n> 4
n8) arising from the perpendicular alignment of polymer
chains, specifically the anisotropic amide side groups relative
to the polymer backbone. Conversely, Cform denotes the positive
form birefringence originating (n8 4 n>) from the refractive
index mismatch between the PAA network (n = 1.59) and water
(n = 1.33)31 due to structural inhomogeneities. At higher con-
centrations of PAA, the positive form birefringence arising from
the deformation of loose, inhomogeneous networks dominates,
as schematically depicted in Fig. 2C. However, as concentration
decreases, the negative intrinsic birefringence from chain
alignment becomes more pronounced (Fig. 2D), cancelling
out the positive form component to yield a net zero optical
response at B10% w/v.

Regardless of polymer concentration, our following data
suggest that crosslinker functionality is the primary determi-
nant of photoelastic sensitivity, following an empirical linear
scaling relationship that we term ‘‘topological additivity.’’ This
topological contribution outweighs the limited effect of simply
increasing crosslink density. Indeed, while varying crosslink
density with the standard bifunctional Bis (f = 2) is common
practice to tune mechanics, it yielded only marginal changes in
the stress-optical coefficient C (Fig. 3B). This suggests that
bifunctional linkers act merely as passive chain connectors.32

In contrast, incorporating trifunctional (Tris, f = 3) and tetra-
functional (Tetra, f = 4) crosslinkers revealed that the photo-
elastic sensitivity scales linearly with crosslinker functionality f
(Fig. 3A and B). We attribute the concentration-dependent
decrease in C to enhanced stress transmission, which is signifi-
cantly amplified by the network topology. Physically, by anchor-
ing a greater number of polymer strands to a single node, the
polyfunctional crosslinkers compel the connected chains to
stretch cooperatively. This mechanism rationalizes the distinct

Fig. 1 Strategy for programming and quantitative readout of the photo-
elastic response. Top: A custom-built simultaneous birefringence-stress
reader (SiBRe) acquires real-time, co-registered measurements of stress
(s) and birefringence (Dn) as a hydrogel sample is uniaxially stretched. For
the details, see Fig. S1, SI. Bottom: The photoelastic response exhibits Dn =
C � s, where the stress-optical coefficient (C) represents the sensitivity.
We demonstrate that C can be rationally programmed by modulating three
key factors: (1) polymer concentration, (2) network topology, and (3) the
incorporation of force-transducing crosslinkers.

Fig. 2 Intrinsic photoelastic properties of polyacrylamide (PAA) gels. (A)
Photoelastic response of PAA gels, revealing a concentration-dependent
linear relationship between birefringence and stress. (B) Photoelastic
stress-optical coefficient at different concentrations of acrylamide (8% to
18% w/v). Schematic representations of the proposed network topologies
for (C) high-concentration gels showing positive form birefringence
(Cform), where the polymer network dominates the optical response
(n8 4 n>), and (D) low-concentration gels showing negative intrinsic
birefringence (Cint), driven by the perpendicular alignment of pendant
amide groups (n> 4 n8). Note: Positive (Dn 4 0) and negative (Dn o 0)
birefringence indicate the slow axis aligning parallel and perpendicular to
stress, respectively.
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separation of values observed at higher concentrations, suggest-
ing that high-order nodes act as active stress concentrators
compared to the bifunctional crosslinker (i.e., Bis). Notably, we
found that the topological sensitivity (S)—defined as the gradient
of C with respect to concentration—increases arithmetically with
the number of branching arms; within error, S increases approxi-
mately linearly with f (Fig. 3C). This linear scaling highlights the
role of high-order nodes function as rigid topological anchors.
Unlike bifunctional linkers which allow significant conforma-
tional freedom, these multivalent nodes are inferred to suppress
non-affine thermal fluctuations, promoting a transition to affine
network behaviour,33 and facilitate the cooperative alignment of
the connected polymer strands with the macroscopic strain.
Consequently, the network topology directly regulates the effi-
ciency of stress-to-alignment transduction, establishing a pro-
grammable scaling relationship. This suggests that high-order
nodes act as effective stress concentrators that amplify intrinsic
chain alignment (Cint) while suppressing static inhomogeneities
(Cform). Thus, the photoelastic response was established as a
programmable property governed by the network topology.

To make a programmable hydrogel possessing a large and
predictable negative C, we incorporated rationally-designed trans-
ducers (i.e., force-transducing crosslinkers) into the near-zero-
baseline 10% w/v PAA matrix (Fig. 4A and B). We hypothesize that

stress-induced alignment of anisotropic benzene rings within each
crosslinker unit, which transition from random orientations in the
relaxed state to alignment with the principal stress direction,
generates measurable optical anisotropy. Consistent with this
mechanism, birefringence changed with crosslinker concentration;
the induced birefringence scaled linearly with crosslinker loading
(Fig. S3, SI), confirming tunable sensitivity and quantitative incor-
poration. Notably, the magnitude of the induced birefringence
differed between the two crosslinkers. Crosslinker-1, which features
a more conformationally flexible ethylene glycol linker than the
single ether linkage in crosslinker-2, induced a significantly more
negative photoelastic response (Fig. 4B). This observation suggests
that the initial, pre-polymerized conformation of the crosslinker
within the hydrogel network may play a crucial role. Molecular
dynamics (MD) simulations provide a mechanistic rationale con-
sistent with this hypothesis, suggesting that crosslinker-1 can adopt
a compact, folded structure via intramolecular p-stacking, whereas
crosslinker-2 more readily populates distorted conformations
(Fig. 4C). We speculate such pre-organization could facilitate a
more cooperative and substantial change in molecular alignment
under strain, thereby amplifying the photoelasticity. These findings
reveal that the intrinsic optical response of the PAA matrix can vary
substantially and must be controlled when engineering sensitive
hydrogel-based stress sensors.

Fig. 3 Effect of crosslinker topology on the photoelastic response. (A) Chemical structures of the standard crosslinker (Bis, f = 2) and polyfunctional
analogues (Tris, f = 3; Tetra, f = 4), alongside schematics of the resulting network topologies. (B) Dependence of the stress-optical coefficient (C) on the
concentration of each crosslinker introduced into a 12% (w/v) PAA matrix. The slope of each line represents the topological sensitivity (S). (C) Discovery of
topological additivity. The topological sensitivity (S) was plotted against the crosslinker functionality (f).

Fig. 4 Molecular engineering of a programmable photoelastic response. A large, predictable photoelastic response was imparted to a 10% w/v PAA
gel—which had near-zero intrinsic birefringence—by incorporating rationally designed, force-transducing crosslinkers. (A) Chemical structures of the
anisotropic crosslinkers. (B) Both crosslinkers induced substantial and predictable negative birefringence when copolymerized into a 10% w/v PAA matrix,
which otherwise exhibited near-zero birefringence. Crosslinker-1 yielded a more significant response (C1 = �0.17 � 10�6 kPa�1) than crosslinker-2 (C2 =
�0.11 � 10�6 kPa�1). (C) Molecular dynamics simulations predicted distinct minimum-energy conformations: crosslinker-1 favours a compact, p-stacked
structure that may facilitate more cooperative alignment under strain, amplifying the photoelasticity.
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The reversibility and directional independence of the hydro-
gel photoelastic response were validated, confirming its capabil-
ity as a stress sensor. The birefringence response remained
stable over at least 20 cycles of stretching and relaxation,
indicating elastic and reversible deformation within the tested
range (Fig. 5A and Fig. S4, SI). Furthermore, the response was
non-directional; samples excised in orthogonal directions
(i.e., vertical and horizontal) from a single gel slab showed
identical C for both unmodified PAA and the crosslinker-1-
incorporated one (Fig. 5B and C). This directional independence
is consistent with a homogeneous network structure, ensuring a
consistent sensor response regardless of force orientation. This
direction-independent property is critical for resolving complex,
multi-directional stress fields like those generated by living cells.

In conclusion, we have demonstrated a strategy to program
the photoelastic response of hydrogels at the molecular level: by
zeroing the matrix’s intrinsic birefringence baseline and co-
registering birefringence (Dn) and stress (s) with SiBRe, force-
transducing crosslinkers yield a large, reversible and non-
directional photoelastic response suitable for microscale force
sensing. We believe this research establishes a rationally tun-
able, calibration-ready foundation for future quantitative force
mapping, thereby accelerating parallel advancements in mate-
rial synthesis and optical instrumentation toward precision
mechanobiology and mechanomedicine.34,35
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