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Abstract
Materials driven far from equilibrium can encode memories of past deformations through long-
lived structural reorganizations. Such memory effects-reflecting parameters such as deformation
direction, magnitude, and duration have been widely explored in soft amorphous solids. Here,
we report a Kovacs-like memory effect manifested as a non-monotonic stress relaxation in vitro
biopolymer networks formed by type-I collagen, an essential component of the mammalian extra-
cellular matrix. Using shear rheology combined with in-situ optical imaging, we find that this
memory effect emerges exclusively in the nonlinear strain-stiffening regime, and persists over a
much broader range of strain amplitudes than previously reported for other viscoelastic amor-
phous materials. Furthermore, we uncover a strong correlation between the memory response and
the development of negative normal stresses and associated strain fields, highlighting the unique
nonequilibrium mechanics underlying memory formation in biopolymer networks.

1. Introduction

Memory formation refers to a system’s ability to encode, preserve, and access information regarding its
past states [1]. This phenomenon is closely associated with out-of-equilibrium dynamics, as systems in
thermal equilibrium completely forget their previous states. Recent studies point out that the mechanical
properties of soft, amorphous materials can be tuned beyond their usual linear and non-linear viscoelas-
ticity by encoding mechanical memories [2, 3]. These observations suggest that understanding memory
formation in soft, disordered materials opens up possibilities for designing multifunctional, smart, and
adaptive materials. Materials can memorize different types of deformation parameters. These include
memory of maximum deformation amplitude, direction, duration, return point memory, shape memory,
etc [1, 4]. However, predicting the type of memory that can be encoded in a disordered material from
its structural parameters can be complex and often unclear.

The Kovacs effect is an interesting memory phenomenon in glassy materials, where the memory
is characterized by a non-monotonic (non-steadily increasing or decreasing) relaxation to reveal the
system’s previous deformation history. The classic experiment described by Kovacs involves thermal
history [5]. In that experiment, a glassy sample was quickly cooled below its glass transition tempera-
ture, held there for a specific time called the ‘waiting time’ (tw), and then was instantly reheated to a
slightly higher temperature. The system’s volume exhibits a surprising non-monotonic evolution, rather
than a simple monotonic approach towards its new equilibrium state [6]. Here, the first cooling and the
second reheating steps constitute a two-step perturbation protocol to study the Kovacs effect. The non-
monotonicity in the volume often manifests as a ‘peak’ in the relaxation curve. A hallmark of the Kovacs
effect is the linear correlation between the peak time tp (the time at which the non-monotonic response
reaches its maximum after the second perturbation) and the waiting time tw.

The Kovacs memory effect is observed not only using thermal perturbations but also by mechanical
ones, such as under compression-decompression and volume-preserving shear in amorphous systems
like crumpled sheets [7], elastic foams [7], colloidal glasses [3], polymer glasses [8], metallic glasses [8],
and granular packings [9]. The Kovacs effect under mechanical perturbations is generally referred to as
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a Kovacs-like memory effect and is observed not only for two-step perturbation (as mentioned above)
but also for three or multi-step protocols [9]. Both thermal and mechanical Kovacs effects are seen in
disordered materials that relax in a slow, non-exponential way. However, the two types of perturbations
are very different. In the thermal case, varying the temperature primarily alters the strength of thermal
noise, enabling the system to explore its energy landscape differently. In the mechanical case, the system
is deformed in specific directions, pushing it along certain structural pathways. That both cases still show
non-monotonic relaxation and a strong link between the peak time and the waiting time is therefore
quite striking. It suggests that the underlying relaxation behavior is deep and not specific to the type of
perturbation.

Mathematically, the complex logarithmic or stretched-exponential relaxation processes of the system,
demonstrating the Kovacs effect, can be described by a sum of a large number of simple exponential
functions with a broad distribution of relaxation rates. Each of these simple exponential functions with
a specific relaxation rate is called a relaxation mode of the system. The modes having relaxation time
faster (slower) than the waiting-time are called the fast (slow) modes. The interplay between the fast and
slow modes can result in a non-monotonic relaxation: After a two-step perturbation, the ‘slow’ modes
from the initial perturbed state take longer to adjust, while the ‘fast’ modes quickly adapt to the sec-
ond perturbation. This creates a situation where the fast and slow modes relax in opposing directions,
giving rise to a non-monotonic relaxation process. Eventually, at long time scales, the slower elements
dominate, causing the stress evolution to shift in the opposite direction. Nonetheless, understanding the
microscopic origin of fast and slow modes in the system remains an open problem.

Surprisingly, despite the highly complex interplay between the relaxation modes, linear response
theory provides a simple and robust framework to describe Kovacs memory for small deformations
when the stress varies linearly with the deformation magnitude. Essentially, the non-monotonic stress
evolution can be described by a linear superposition of the time-dependent stress contributions of
the individual perturbation steps, shifted by the waiting time between them [10]: σ(t) = ∆γ1.κ(t)−
∆γ2.κ(t− tw). Here, ∆γ1 and ∆γ2 are the perturbation steps, κ(t) is the linear response function and tw
denotes the waiting time. The negative sign indicates that the perturbations are in opposing directions.

Although Kovacs effect under mechanical deformation has been studied for a range of amorphous,
glassy materials in recent years, to the best of our knowledge, such effects have never been explored
in the context of biopolymer networks that form an important class of disordered soft materials.
Physiologically important biopolymer networks formed by protein filaments like actin, collagen, fib-
rin, etc play a major role in determining the mechanical properties of mammalian cells and extracel-
lular matrices. Biopolymers have orders of magnitude higher bending rigidity compared to the flexible
synthetic polymers, with thermal persistence length of the order of the contour length of the filament.
Despite their rigidity, they still show significant thermal bending fluctuations, indicating the semi-flexible
nature of the biopolymers [11]. Due to the semi-flexible nature of filaments, biopolymer networks show
striking non-linear mechanics like strain stiffening and negative normal stresses. It is well established in
the literature that strain stiffening originates from a transition from bending dominated response of fila-
ments/bundles at low strains to a stretching-dominated response at larger strain values [12]. However,
the details of such a transition are quite complex; entropic elasticity of individual filaments, stress-
induced network anisotropy and structural changes, non-affine deformations, and heterogeneity play
an important role. Under large shear strains, the filaments along the compressive directions can buckle
easily, whereas the stretched filaments provide significant resistance along the extensile direction. The
component of such resistance perpendicular to the shearing plates results in a negative normal stress,
which pulls the plates towards each other with increasing shear strain [11]. Understanding the micro-
scopic origin of such non-linear mechanics has been a topic of intense experimental and theoretical
research over the last couple of decades [12–16]. Entangled biopolymer networks formed by fairly low
monomer concentrations are structurally quite different from the conventional amorphous and glassy
solids. Remarkably, despite significant structural differences, biopolymer networks also display highly
non-exponential, glassy relaxation [16, 17].

In the present study, we investigate a Kovacs-like memory effect in a disordered, entangled network
formed by type-I collagen which is the most abundant collagen type in mammalian tissues (∼90%). Our
experiments reveal a pronounced non-monotonic stress relaxation response characterized by a robust
Kovacs peak and a strong linear correlation between the peak time and the waiting time. Interestingly,
this effect is observed exclusively within the non-linear strain-stiffening regime. Moreover, the Kovacs
peak persists over an exceptionally broad range of deformation parameters, significantly exceeding those
reported in previous studies. Through a combination of rheological measurements and in-situ bound-
ary imaging, we elucidate that the cooperative interplay between non-linear strain stiffening and normal
stress effects underlies the emergence of the Kovacs effect over such an extended parameter space.
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2. Materials andmethods

We use rat tail type-I collagen monomer solution [4 mg ml−1 stock solution] purchased from Gibco,
United States. The collagen monomers of specific concentrations are polymerized following a protocol
described in [Publication number MAN0007327]. We start with 10X PBS solution, 1 N NaOH solution.
In the final collagen samples, PBS is diluted to 1X using deionized water and NaOH is added to adjust
the final pH to approximately 7. We fluorescently label the collagen fibers and use confocal microscopy
to characterize the network architecture [18]. For the rheological measurements, we use a MCR-702
stress-controlled rheometer (Anton-Paar, Graz, Austria) using cone-plate geometry (diameter = 25 mm,
cone angle = 2◦). To obtain maximal adhesion of collagen polymers to the rheometer plates, we treat
the rheometer plates with poly-L-lysine solution. For the coating process, we first thoroughly clean the
rheometer plates using a soap solution, followed by rinsing with ethanol and deionized water. Next, we
deposit 200µl of a 0.001% poly-L-lysine solution (Sigma-Aldrich) onto the plates and incubate them at
room temperature for 10 min. Afterwards, we remove any excess solution by rinsing the plates multi-
ple times with ethanol and deionized water, then drying them. We have also studied the Kovacs effect
in cross-linked collagen networks. The cross-linking is achieved by pipetting a small amount (0.1%)
of Glutaraldehyde (GTA) in 1X PBS buffer around the rheometer plates after the network is polymer-
ized for 45 min, followed by incubation for an additional 2 h before performing the experiment [19].
We perform in-situ imaging at the flow-gradient plane of the sample boundary in the cone-plate setup.
To map the local flow field, the sample is seeded with polystyrene tracer beads of average diameter of
3.3µm and the images are analyzed using particle imaging velocimetry by PIV Lab [20] using MATLAB
software. The imaging experiment probing Kovacs effect is performed by holding the bottom plate static
and rotating the top cone. For temperature control, we have designed an elevated bottom plate (made
with brass) with a diameter of 25 mm (same as the top cone geometry). Such design provides additional
elevation of the bottom plate required for boundary imaging without losing coupling with the Peltier
bottom plate of the rheometer.

3. Results and discussion

We first polymerize the collagen monomer into an entangled network. For this, we mix desired amount
of collagen monomers with 10X PBS, 1 N NaOH and de-ionized water on ice and immediately deposit
the mixture on a peltier temperature controlled plate. The Peltier temperature is then raised to a desired
value to initiate polymerization process. To prevent solvent evaporation, we deposit a thin layer of 5cSt
silicon oil (Merck) and increase the humidity using a customized humidity chamber. Once the poly-
merization is complete, the monomers form a system-spanning entangled network of collagen fibers
and bundles. Using confocal microscopy, we directly visualize this structure for monomer concentra-
tion of 2 mg ml−1 polymerized at 25◦C, as shown in figure 1(a) (inset). We further quantify the net-
work structure in terms of the average mesh size (ζav). To calculate ζav, we plot the distribution of dis-
tances along a line (taken both horizontally and vertically) between two consecutive bright pixels of a
binary image. Before binarization, we employ a pixel classification method using Ilastik software [21] to
reduce background noise in the confocal images. The distribution typically shows an exponential decay,
which has also been observed in the earlier studies [22, 23]. The distribution is fitted with an expo-
nential decay, and the average mesh size (ζav) is defined as the decay exponent. For the network with
monomer concentrations of 2 mg ml−1 with 25◦C polymerization temperature, the calculated value of
ζav is 2.1 ± 0.4µm.

To monitor the polymerization process during rheology, we measure the time evolution of the stor-
age modulus by applying a sinusoidal strain of smaller magnitude (2% at 0.5 Hz) over a sufficiently long
time. Initially, the storage modulus value is low, but it begins to increase as the polymerization grad-
ually forms an entangled network. Eventually, the storage modulus tends to saturate at longer times
once the polymerization process is complete (figure S1). We identify the linear and non-linear regions
of the polymerized collagen network by applying steady shear with a strain rate of 0.01s−1 (where strain
increases by 1% each second). Figure 1(a) illustrates the stress–strain relationship of a 2 mg ml−1 col-
lagen network polymerized at 25◦C. In this figure, the stress value at each applied strain is normalized
with respect to the peak or the maximum stress value (σp) obtained over the entire measurement. The
normalized stress (σ/σp) varies linearly with strain γ up to γ ≈ 10%. Beyond γ = 10%, σ/σp starts to
exhibit non-linear behavior, demonstrating strain stiffening, where the rate of change of stress increases
more rapidly compared to the rate of change of strain. Across our experiments, we find that the linear
regime varies between 5%–10% strain, from load to load. To ensure that Kovacs memory experiments
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Figure 1. (a) Stress–strain curve for 2 mg ml−1 collagen polymerized at 25◦C. The stress is normalized with respect to the peak
value. The linear relation between stress and strain is marked as the red line. Confocal microscopy image of the network is shown
in the inset. (b) Differential shear modulus as a function of shear strain. The differential shear modulus remains constant in the
linear response region and increases substantially in the non-linear region. (c) Stress relaxation curves for different strain values
corresponding to the linear and strain-stiffening regions. The same set of relaxation curves is shown in the inset with a log-log
scale.

Figure 2. (a) Schematic of the experimental protocol for the Kovacs memory effect. (b) Temporal evolution of stress showing
Kovacs effect for γ1 = 40%, γ2 = 30%, tw = 20 s, and the inset shows the stress evolution during the second step γ2 = 30% for
2 mg ml−1 collagen. (c) Relation between the peak position of the stress response during the second step strain perturbation and
the waiting time for γ1 = 40% for different values of∆γ.

are performed within the linear regime, we use the initial strain values close to 5% or below. Similarly,
to probe the non-linear regime, we choose strain values > 10% to avoid the crossover regime. We
quantify such a rate of change of stress as the differential shear modulus K= dσ

dγ , and it is plotted in

figure 1(b). We find that the value of K/Kp where, Kp = [ dσdγ ]max increases rapidly with applied strain
beyond the linear region, demonstrating a non-linear strain-stiffening response. The phenomenon of
strain stiffening is also observed in a wide range of semi-flexible biopolymer networks [11, 24]. The
strain stiffening in semiflexible biopolymers has also been captured in various theoretical models [12].
Non-linear strain stiffening not only alters the mechanical properties of biopolymer networks but also
affects their relaxation dynamics. We perform stress relaxation measurement at various step strain mag-
nitudes spanning the linear and non-linear strain stiffening regions. We obtain slow, non-exponential
stress relaxation in all cases, as shown in figure 1(c). We also find from figure 1(c) that the relaxation
rate significantly increases for the applied strain values showing strain stiffening, compared to those in
the linear region. This is attributed to strain-enhanced stress relaxation, and also reported for collagen
biopolymer networks earlier [16].

Next, we explore the Kovacs-like memory effect in collagen networks. Figure 2(a) illustrates the
schematic of the experimental protocol for a two-step Kovacs memory experiment. On a fully poly-
merized collagen network, we first apply a step shear strain γ1 to the sample, and hold that strain for
a specific time duration called the waiting time tw. Next, the system’s strain state is set to a new value
γ2, where γ2 < γ1 and ∆γ = γ1 − γ2 > 0. The system is held at γ2 for the rest of the experiment, and
the time evolution of the shear stress is recorded continuously. Figure 2(b) illustrates the typical stress
response of the system. Right after the application of the initial strain γ1, there is a rapid increase in
stress due to the elastic response of the system. Subsequently, the stress relaxes roughly logarithmically.
When the strain state of the system is suddenly altered to γ2, in the opposite direction of the previ-
ously applied γ1, there is another sudden drop in stress because of the elastic response, followed by fur-
ther relaxation of the system. From the stress response of the system after the application of γ2 (also
shown in the inset of figure 2(b), we find a non-monotonic evolution of stress in the system. Such
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non-monotonicity in stress clearly indicates Kovacs-like memory formation in the system. The time at
which the peak in stress occurs after the second step γ2 is referred to as the peak time tp. We perform
experiments over a broad range of γ1 and γ2 values that cover both the linear and non-linear (strain
stiffening) region of the system (figure 1) with variation of waiting times tw, ranging from 10 s – 100
s. We also obtain clear non-monotonic relaxation for smaller waiting times like 1 s or 2 s. However,
due to the requirement for rapid data acquisition, noise increases, and identifying the peak position
becomes difficult, as illustrated in figure S2(a). On the other hand, for waiting times longer than 500 s,
the peak appears flatter on the right side (figure S2(b)). It requires much longer experimental duration
(∼10 000 s) to identify the peak position, if any. Such a longer experimental duration raises questions
about the stability of the water-based samples due to evaporation despite using the humidity chamber.
Thus, the uncertainties in the accurate determination of the peak time (tp), both for shorter and longer
waiting times, make it difficult to check the tp, tw correlation.

Interestingly, we observe non-monotonic relaxation only for γ1 values in the non-linear strain stiff-
ening regime. Although the signal-to-noise level in the stress relaxation data is low for γ1 values in the
linear regime due to the small value of the stress, the average relaxation data does not demonstrate any
non-monotonic evolution as shown in figure S3. Nonetheless, over a broad range of tw and ∆γ values,
we observe a clear peak in stress relaxation, indicating a non-monotonic stress evolution for large values
of γ1 in the non-linear strain stiffening regime. Figure 2(c) shows the variation of peak time (tp) w.r.t.
waiting time (tw) for a range of ∆γ from 1% to 30% for γ1 = 40%. We obtain a linear variation of tp
w.r.t. tw for all values of ∆γ, indicating the system retains a memory of the waiting time. We also obtain
robust Kovacs-like memory effects in the non-linear strain stiffening regime for different collagen con-
centrations (figures S4 and S5). The Kovacs memory reported in earlier work mostly deals with the lin-
ear response regime [7, 9, 10]. Recently, Kovacs-like memory has also been studied in detail in the non-
linear region for a colloidal glass of soft particles, where the role of non-affine deformations has been
explored [3]. However, in colloidal glass, the ∆γ range over which non-monotonic stress relaxation is
observed for large γ1 values in the non-linear regime is very small. This is highlighted by a narrow range
of ∆γ

γ1
values over which Kovacs effect is observed. In this system, the non-linear region originates from

the yielding of the colloidal glass at large deformations. On the other hand, in biopolymer networks, the
non-linear strain stiffening takes place well below the yield point. Therefore, non-monotonic stress relax-
ation and Kovacs memory in the strain-stiffening biopolymer networks present an exciting direction to
explore. We have also observed Kovacs memory effect for collagen network cross-linked with GTA (0.1%
GTA) (figure S6). The presence of a small amount of GTA significantly enhances the stress response of
the system.

Semi-flexible biopolymer networks demonstrate negative normal stress under large deformations
[15]. For the collagen network, we find a very pronounced negative normal stress when strain stiffen-
ing occurs. In figure 3(a), we depict the time evolution of shear (σ) and normal stress (σN) during a
typical two-step strain protocol discussed above for γ1 = 40%, tw = 20 s, and γ2 = 35%. The stress val-
ues are normalized with respect to the first point in figure 3(a). Figure 3(b) shows the time evolution of
both stresses during the second step perturbation. We find that both shear and normal stresses exhibit
non-monotonic behavior: the shear stress reaches a peak, while the normal stress shows a dip. Using a
similar definition for peak time (tp) in shear stress, we define a dip time (td) for normal stress as well.
In figure 3(c), we plot tp versus td for different values of γ1,γ2 and tw. We find a strong linear corre-
lation between tp and td for a wide range of ∆γ and tw (figure 3(b)). However, this correlation does
not hold (shown as blue circles) for larger ∆γ (figure S7(a)), even though the linearity between tp and
tw remains valid. Furthermore, in some cases with longer waiting times, the evolution of normal stress
becomes more complicated, showing either multiple non-monotonic variations or no dip at all, while
the shear stress shows a clear non-monotonic behavior (see figure S7(b)). To investigate the dependence
of the strength of correlation between the time evolution of shear and the normal stress, we construct a
phase diagram in the parameter plane of ∆γ and tw for γ1 = 40% as shown in figure 3(d). The points
marked as black stars represent a one-to-one linear correlation, while the red diamonds represent poor
or no correlation between σ and σN. We find that a strong correlation holds over a wide range of wait-
ing times when ∆γ values are small, and also over a large range of ∆γ values when the tw values are
small. The decorrelation is observed otherwise.

To gain further microscopic insights, we perform in-situ boundary imaging at the sample-air inter-
face to map the local deformation field [3, 25, 26]. Figure 4(a) presents the schematic of the in-situ
imaging setup, where we capture the sample dynamics in the flow-gradient plane at the boundary of
the rheometer plates. As the collagen samples are transparent, we mix 1 wt% of polystyrene tracer
beads with a mean diameter of ∼3.3µm [27] with the collagen sample before initiating the polymer-
ization. Adding such a small amount of particles does not change the nature of the stress–strain curve
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Figure 3. (a) Time evolution of both shear and normal stresses for a two-step Kovacs memory protocol for γ1 = 40%, tw = 20 s
and γ2 = 35% for 2 mg ml−1 collagen. Both the stresses are normalized with respect to the first point. Normalized shear and
normal stresses only for the second step strain deformation are indicated in panel b. Both the peak time tp in shear stress and dip
time td in normal stress are close to each other. (c) peak time tp versus dip time td showing good linear correlations, shown as red
squares, and the deviations are shown as blue circles. (d) Phase diagram in the parameter plane of∆γ and tw for γ1 = 40% for
correlation between the time evolution of shear and normal stresses. The correlation points are marked as black stars and the anti
correlation points are marked as red diamonds.

and the observed Kovacs memory phenomenon, but provides enough intensity contrast in the bound-
ary imaging to probe the sample dynamics using PIV. Figure 4(b) shows a typical image of the sample-
air interface seeded with polystyrene tracer beads. We analyze the images using PIV [20] to map the
displacement/velocity fields under shear deformations. First, we map out the velocity profile under
steady shear (with a strain rate of 0.01 s−1) in both the linear and non-linear regions (also shown in
figure 1). Figure 4(d) shows the average velocity profiles at different strain values depicted as different
colors. Here, the distance across the shear gap in the gradient direction is normalized with respect to
the gap between the two plates at the boundary and the average velocity values at different distances
are normalized by the velocity of the moving plate. The corresponding stress–strain plot is shown in
figure 4(c), with data points marked using the same color scale as in the velocity profiles. We find that
the velocity profiles remain linear in both the linear and nonlinear strain-stiffening regions of the sys-
tem. However, beyond the strain-stiffening region, the system yields and undergoes plasticity and failure,
as reflected in the nonlinear nature of the velocity profiles at large strain values. Similar yielding behav-
ior has been reported in the literature [25, 28]. This indicates that PLL surface coating used in the cur-
rent study does not introduce the spatial heterogeneity in the velocity profile close to yielding. Notably,
although the stress–strain relationship differs significantly between the linear and the strain-stiffening
region, the associated velocity profiles remain unchanged, showing affine deformations. As mentioned
earlier, the distinct, affine non-linear regime well before yielding is a unique feature of biopolymer
networks.

Next, we take a closer look at the local deformation field obtained from the PIV measurements
under the step strain protocol employed to study Kovacs effect (figure 2(a)). The images are captured
over the entire two-step strain protocol, including the rise, stall, and fall regions of the relaxation curve
during the second step strain perturbation. However, during the step deformations, very fast motion of
the speckles makes PIV analysis impossible in our imaging set-up. We perform the PIV analysis during
relaxation, after the plate comes to a stall reaching the set strain value. We observe that localized decom-
pression events are most clearly identifiable during the rising stage of the non-monotonic relaxation.

6



New J. Phys. 28 (2026) 064403 A Ghadai et al

Figure 4. (a) Schematic of the in-situ imaging setup. (b) Snapshot of the sample seeded with polystyrene tracer beads at the
sample-air interface. (c) Stress–strain curve for 2 mg ml−1 collagen network seeded with polystyrene tracers polymerized at
25◦C. (d) Normalized velocity(v/vp) as a function of normalized gap (x/d) for different strain values (indicated as the variation
in the colorscale).

However, during the stall and subsequent decay, the local displacements become very small (subpixel-
level) and are not detected with our current PIV analysis. This suggests that the dominant rearrange-
ments during these later stages are either extremely small in amplitude or occur at length scales below
our imaging resolution. In future, higher resolution imaging set-up might shed light on the slow relax-
ation regimes. Figure 5(a) shows the displacement vector field obtained during the stress relaxation after
the application of the first strain step of magnitude γ1. We find that the sample close to both the mov-
ing and the stationary plates tends to move inward, showing a contractile deformation during the stress
relaxation. The displacement magnitudes of the sample near the plate boundaries are significantly higher
compared to the sample in the middle (figure 5(b)). We also look at the localized sample reorganiza-
tion by taking image differences of the sample interface. The image subtraction is performed between
the images captured at the beginning of the stress relaxation and at a later time in the stress evolution.
Figure 5(c) depicts the difference image with a time difference of 3 s. We observe high-intensity speck-
les in the difference image near the sample boundaries. This indicates that the reorganizations in the
sample during the stress relaxation take place predominantly in the regions close to the sample bound-
aries. This observation is also consistent with figures 5(a) and (b). We next probe the velocity fields after
the second step perturbation. We find that the portion of the sample starts to move towards the moving
plate, indicating an overall tendency of the network to expand as shown in figure 5(d). The displace-
ment magnitude shown in figure 5(e) suggests that the displacement of the sample gradually increases as
the moving plate is approached from the static one. This observation is consistent with the difference-
image analysis, which shows enhanced sample reorganization near the moving plate compared to the
static plate (see figure 5(f)). This suggests that the system undergoes a compressive deformation after
the application of γ1 due to a strong negative normal force in the system. As the sample gets gradually
compressed, it slowly relaxes the negative normal stress (figure 3(a)). We find an overall expansion-
dominated response after γ2. This may result from the sudden decrease in the negative normal stress
magnitude due to the application of γ2: The compressed portion of the sample due to γ1, starts to show
a viscoelastic retraction due to a release of compressive stress (figure 3(a)). Remarkably, the regions of
the sample that undergo spatial reorganization during the application of the first and the second steps
are different from each other. As we observe from figures 5(a) and (b), the compression happens almost
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Figure 5. (a) Displacement field shown as a vector map indicating inward movement (localized compression of the network)
during stress relaxation of the first step strain deformation. The distribution of displacement magnitudes (panel (b) and the
image difference at the sample interface (panel (c) during the first step show the prominent sample reorganization near both
the static and moving plates. Here, the difference image is defined as the pixel-wise subtraction of the frame at the beginning of
stress relaxation (monotonic, corresponding to γ1) from a frame acquired after 3 s. (d) Displacement field shown as a vector map
indicating outward movement (localized expansion of the sample) during stress relaxation of the second step strain deformation.
The distribution of displacement magnitudes (panel (e) and the image difference at the sample interface (panel (f) during the
second step show the prominent sample reorganization near the moving plate. Here also, the difference image is defined as the
pixel-wise subtraction of the frame at the onset of stress relaxation (non-monotonic, corresponding to γ2) from a frame acquired
after 3 s.

equally near the static and the moving plates. On the other hand, the expansion after γ2 predominantly
takes place close to the moving plate only (figures 5(d) and (e)). This indicates that the different relax-
ation modes required to observe such a memory effect can be spatially distinct, a feature that we report
for the first time in the context of the Kovacs effect.

4. Conclusion

In conclusion, we report a robust Kovacs-like memory effect in a strain-stiffening biopolymer network,
demonstrated here for the first time. This memory effect emerges exclusively within the nonlinear strain-
stiffening regime. Here, we have studied only type-I collagen because of its abundance in mammalian
tissues ( 90% of all collagen types). However, similar studies on other collagen types [28], with quite
different network architectures and mechanical properties, will be interesting to explore in the future.

The remarkable feature about the Kovacs effect in collagen network is the fact that it is only
observed in the non-linear strain-stiffening regime even when the 2nd step perturbation is almost com-
parable to the first step (75%–80%) for a wide range of ∆γ

γ1
and tw values. We conjecture that the strain

enhanced stress relaxation plays a major role in obtaining Kovacs peak in these regimes: In the strain
stiffening regime, the large strain enhances the stress relaxation rates due to reducing the number of
weak contacts between the collagen filaments, while strain stiffening makes a significant stress contri-
bution. This joint effect makes the slow modes significantly contribute to the overall stress relaxation for
large waiting time/second step perturbation magnitude. This is in contrast to the Kovacs effect under
shear in a colloidal glass, where the non-linearity arises due to yielding and plasticity [3]. This reduces
the stress response of the system significantly. Consequently, the range of ∆γ

γ1
and tw over which the

memory effect is observed is significantly reduced in the non-linear regime. Interestingly, we do not
find much difference (figure S6) in case of collagen networks weakly crosslinked with GTA (0.1 %). For
highly cross-linked collagen networks, the stress relaxation rates can be significantly reduced due to the
decrease in the rate of cross-linker unbinding. Kovacs effect in a highly cross-linked collagen network
can further shed light on the role of the mechanism of stress-enhanced strain relaxation in observing
Kovacs memory.

8



New J. Phys. 28 (2026) 064403 A Ghadai et al

Because many colloidal gels also display nonlinear strain-stiffening responses [29], it will be com-
pelling to investigate whether such colloidal systems can similarly exhibit a Kovacs effect over a com-
paratively broad parameter space. As indicated by the phase diagram, except at very large values of tw
and ∆γ, the non-monotonic evolution of normal stress correlates strongly with the corresponding varia-
tions in shear stress. This observation underscores the central role of normal stress in governing memory
phenomena in biopolymer networks. Nonetheless, it will be interesting to explore why the relaxation is
dominated by the development of small compressive/extensile deformations rather than shear deforma-
tions in this system (figures 5(a) and (d)).

Our in-situ boundary imaging experiments further reinforce this conclusion: the sample’s relaxation
dynamics are predominantly driven by compressive or extensile motions. Strikingly, we also observe a
spatial decoupling of relaxation modes between the first and second perturbation steps, with distinct
regions of the sample undergoing reorganization at different stages. Identifying the fast and slow relax-
ation modes, along with their spatial distribution, an essential ingredient in understanding the Kovacs
effect, remains an important avenue for future investigation. Nonetheless, explanation of non-monotonic
relaxation based on fast and slow modes is an oversimplified linear picture. As our present study and
earlier study [3] clearly demonstrate Kovacs effect can be observed deep in the non-linear regime.
Exploring a connection between the relaxation modes and local soft spots in the system [30] might shed
light on the microscopic mechanism of Kovacs memory effect in disordered solids.
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