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In materials, the ability to retain the memory of applied stresses or strains opens
up new opportunities for enhancing their performance adaptively via training. In
dense suspensions, a stress-adaptive response is enabled by non-Newtonian rheology;
however, typical suspensions have little memory, which implies rapid cessation of any
adapted behavior. Here, we show how multiple adaptive responses can be achieved
by designing suspensions where different stress levels trigger different memories. This
is achieved through the interplay of particle interactions based on frictional contact
and dynamic chemical bridging. These two interactions give rise to stress-activated
memories associated with opposite time-dependent trends. As a result, a suspension can
be trained to adapt to applied stress either by softening or stiffening, exhibiting targeted
viscosity and energy dissipation in response to low-velocity impact. Such behavior,
usually associated with mechanical metamaterials, suggests that dense suspensions
with multiple memories can be viewed as trainable rheological metafluids.

non-Newtonian rheology | dense suspensions | metafluids

Dense suspensions exhibit non-Newtonian rheology by undergoing transitions between
shear-induced microstructural states, resulting in a viscosity that can vary widely with
applied stress. These often dramatic viscosity changes include shear thinning or thickening
as well as combinations thereof (1-3). In particular, discontinuous shear-thickening,
whereby the viscosity increases abruptly with applied shear rate, has been explored for a
range of smart, stress-adaptive materials (4, 5). To control and tailor the shear-thickening
behavior of dense suspensions, studies have varied the interactions between particles by
changing the particle surfaces to affect the frictional contact properties (6, 7), exploiting
chemical bridging (8-10) as well as particle-solvent interactions (11, 12), or applying
external perturbations such as acoustic forces (13, 14) or magnetic fields (2).

In most suspensions, the shear-induced microstructural changes do not persist when
the stress is removed and, except for brief transients, there is no memory of the shearing
history. Sustained memory requires interactions that can persist, effectively generating
feedback between the microstructural outcome and the applied shear that produces
this outcome (Fig. 14). Such memory can give rise to more complex, time-dependent
rtheologies like thixotropy, where the suspension viscosity decreases over time, or rheopexy
(antithixotropy), which exhibits the opposite trend (15). However, suspensions typically
exhibit only a single regime of stress-adaptive shear thickening or a single type of memory.
A new and conceptually different situation arises when the particle interactions are
designed to enable several, independently stress-adaptive behaviors and when each of
these behaviors can furthermore retain a different memory of the shearing history (as
indicated by the switches in Fig. 14). Suspensions with multiple memories of this
kind exhibit rheological characteristics that could be considered metamaterial properties,
albeit for a fluid; hence, suitably engineered suspensions can be thought of as rheological
metafluids. We define rheological metafluids as distinct from other classes of metafluid,
such as those designed to have tunable mass density (16) or optical properties (17), and
from metamaterials whose viscosity can be changed through external excitation (18).

Here, we demonstrate rheological metafluid behavior with suspensions designed to
have two shear-activated memories that control opposite rheological behaviors in the
same system. One type of memory is activated at low stress and associated with the growth
of larger particle aggregates, which increases the viscosity and thereby controls rheopectic
behavior. The other memory is activated at higher stress levels and is associated with the
destruction of particle aggregates, which decreases the viscosity and controls thixotropic
behavior. The result is a combination of tailorable rheological properties, including dual
shear thickening regimes, rheopexy, and thixotropy, all within a single fluid but across
different stress ranges. These memories are embedded in the shear-induced microstructure
of the suspension and this makes it possible to train-in associated properties, thereby
achieving different outcomes through suitable protocols of applied shear. We show
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Fig. 1. Design and rheology of trainable suspensions with multiple memories. (A) Trainable suspensions can achieve varying viscosity states through training
protocols. These protocols enable memory formation (M), allowing for an extended lifetime of shear-induced microstructural states. Introducing multiple
memory-forming units (M4, M5, ..., and Mp) enables trainable material properties, thereby tailoring viscosity states. The trained states are persistent until they
relax back. (B) Schematic illustration of the metafluid design. Fumed silica particles are surface-functionalized with thiol groups (OX50-SH, red triangles) and
suspended in a NO,-BCAm-endcapped poly(propylene glycol) Michael-acceptor (concave pentagons). Two distinct interparticle interactions are induced under
shear: 1) chemical friction via the thia-Michael reaction between surface thiols and NO,-BCAm motifs and 2) particle-particle frictional force. The Inset shows
a transmission electron microscopy image of thiol-functionalized fumed silica particles. (C) Rheology of the OX50-SH in NO,-BCAm-endcapped poly(propylene
glycol) Michael-acceptor suspensions at weight fractions ¢w = 35, 38, and 40% (Bottom to Top). Viscosity n is measured by the forward (closed symbol) and
backward (open symbol) ramp of applied shear stress z. The mean and SE shown in (C) are based on three replicates. The shaded area is the inaccessible

window that reaches minimum shear rates measurable by the rheometer.

this multifunctional capability by training-in different impact
resistance and energy absorption properties through repeated
mechanical impact at different velocities.

Results and Discussion

Design and Shear Rheology of the Metafluid. For the design
of the metafluid suspension, we exploit the interplay of dis-
tinct physical and chemical particle—particle interactions: strong
friction at direct contact and molecular bridging via dynamic
covalent bonds (Fig. 1B). Fumed silica particles (AEROSIL OX
50, Evonik) are used because of their rough nonspherical shape,
resulting from random aggregation of ~40 nm diameter primary
silica spheres, which allows for highly frictional interactions and
facilitates the formation of large particle clusters under shear. The
particles are surface-functionalized with thiol groups (OX50-SH)
and suspended in ditopic p-nitrobenzalcyanoacetamide (NO;-
BCAm)-endcapped poly(propylene glycol) macromonomers. A
thia-Michael reaction between the surface thiol and the NO;-
BCAm motif can then generate room temperature, catalyst-free
dynamic bonds between particles when they come into close
proximity (9, 10, 19, 20). The reversibility of this thia-Michael
bond results in the transition from particles covered in a polymer
brush at a quiescent state to one with interparticle bridges that
act as “chemical friction” under shear, leading to an increase
in viscosity. The bridging bonds form at room temperature at
a rate that mainly depends on the shearing conditions, while
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the relaxation of these bonds is slow; therefore, the suspension
exhibits time-dependent rheopectic rheology. Tailoring this time
dependence has been demonstrated in prior work with varied
molecular structures, whereby a larger equilibrium constant of
the thia-Michael bond or a larger molecular weight slows the
relaxation and thus enhances the rheopectic behavior (9, 10).
The rheology of OX50-SH particles suspended in NO,-BCAm-
endcapped poly(propylene glycol) was measured using a parallel-
plate geometry (Anton-Paar MCR-302 and MCR-702 rheome-
ters). Fig. 1C shows the viscosity as a function of shear stress,
measured by ramping the shear stress 7 from low to high and then
back down again (10 s at each stress), for three different particle
weight fractions ¢,,. During the ramp-up, well-delineated shear
thickening and thinning regimes appear in succession. At the
very lowest stresses, fumed silica particles form weakly coupled
clusters or flocs (21). When these flocs break under increased
applied stress, the suspension shear thins and the viscosity
drops. However, as particles become sheared into close proximity
and start to form aggregates through dynamic bridging bonds,
the suspension transitions to shear thickening (9, 10). Note
that bridging interactions can start at significantly lower stress
than direct contact because the macromonomer can span finite
interparticle distances (22).

Beyond some maximum sustainable stress level, the molecular
bridges are sheared apart and the viscosity drops again. This
shear thinning gives way to a second thickening regime once
the applied stress becomes sufficiently large to produce direct,
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frictional contact between particles (22, 23). Such direct contact
requires a larger stress compared to the thickening driven by
chemical friction, which occurs at a lower stress owing to the
finite separation enabled by bridging bonds (22). Finally, as
those frictionally stabilized aggregates are broken up at the largest
stresses, the viscosity starts to turn around yet again into a
secondary shear thinning behavior (visible most clearly at lower
particle concentration).

Comparing the curves for the forward and backward stress
ramps in Fig. 1C, the traces differ strikingly and cross each other
around 7 & 100 Pa. Starting from the largest stresses, as 7 is
ramped down below the level where aggregates can again form via
bridging bonds, i.e., below ~1,000 Pa, gradual build-up of such
bridged aggregates increases the viscosity. Because of the mildly
thixotropic behavior associated with direct contact (24, 25), the
viscosity increase on ramping down starts from a value below that
at the onset of the second shear thickening regime. The thixotropy
results from the disaggregation of weakly attractive particle flocs
when the applied hydrodynamic forces exceed the weak attractive
forces (25-29). This produces hysteresis and eventually causes
the curves to cross-over one another when the backward-ramp
viscosity exceeds the values of the forward-ramp in the first shear
thickening regime. This crossover stress indicates the transition
from a rheopectic-dominated to a thixotropic-dominated regime;
therefore, reducing the thermodynamic equilibrium constant of
the Michael-acceptor by elevating the temperature decreases the
crossover stress from 7 = 100 Paat 25 °C to 7 = 50 Paat 50 °C
(81 Appendix, Fig. S1).

The aforementioned memory-forming capabilities emerge
from the time-dependent rheology on cither side of the crossing
of the forward and backward viscosity curves. In the shear stress
range 100Pa < 7 < 1,000 Pa, the viscosity of the backward
ramp is lower than that of the forward ramp and the behavior
is thixotropic. In the range 10Pa < 7 < 100Pa this trend
is reversed, yielding a higher viscosity for the backward ramp
and the behavior is rheopectic. To elucidate the different time
dependencies, the viscosity is traced over time at constant shear
rate ¥, encompassing both the low-y rheopectic and the high-y
thixotropic regime (see SI Appendix, Fig. S2, for the suspension
with ¢, = 40%). At low 7 < 0.3 5!, where the suspension

exhibits rheopectic rheology, # increases over time, similar
to silica spheres in ditopic macromonomers forming dynamic
covalent bonds (9, 10). By contrast, the trend of viscosity at
larger 7 = 0.5, 1, and 35~ ! shows a distinctive decrease in 77 over
time, i.e., thixotropic rheology.

When the concentration of particles is decreased from
¢w = 40% to 35%, the direct-contact-induced shear thickening
atlarge 7 and the associated thixotropy diminish (Fig. 1C), which
we associate with the break-up of sufficiently large aggregates that
can be stabilized by physical frictional interactions. When the
thia-Michael bridging interaction is not present in unfunctional-
ized fumed silica particles, only a single shear-thickening regime
at large applied stress is observed together with mild thixotropy
(SI Appendix, Fig. S3). Taken together, this demonstrates that
the rheopectic behavior on the low-stress side of the crossing
is controlled by the dynamic-covalent-bond-induced bridging
interaction, while the thixotropic behavior on the high-stress
side is controlled by the disaggregation of flocs inherent to weakly
attracting fumed silica suspensions. The stress range of rheopectic
and thixotropic regimes is governed by the interplay between
these two mechanisms, as demonstrated by the shift in crossover
stress resulting from the reduced magnitude of rheopexy observed
at elevated temperatures (S/ Appendix, Fig. S1).

The low-stress theopectic behavior originates from the increas-
ing number of bridging bonds over time, as shown by a reduced
rheopectic trend for a Michael-acceptor with lower equilibrium
constants (9, 10). The role of bridging bond on the rheopectic
regime is determined by varying the ramp rate, i.c., varying the
time allotted for each 7 measurement. Fig. 24 shows the change in
viscosity when this time is increased from 5 s to 90 s. The resultisa
large upward shift in viscosity in the low-7 regime around 100 Pa,

while the shear thickening behavior changes very little and the

dlogn
slope 3 Tog 7

~ 1, where a slope of 1 implies discontinuous shear
thickening. By contrast, the viscosity in the high-7 regime above
1,000 Pa remains unaffected (within the range of repeatability
from run to run), confirming the independent origins for the
dual shear thickening. As the ramp rate is decreased, these trends
in combination create an increasingly drastic thinning behavior
between the two thickening regimes due to the increased number
of bridging bonds that are broken in this = range. Importantly,
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Fig. 2. Hysteresis and time dependence of shear rheology. (A) Viscosity of the ¢w = 40% suspension in Fig. 1C for different stress-controlled ramp rates,
where 55 (circles), 30 s (squares), or 90's (triangles) were allotted to measuring each data point. Only forward ramps are shown. (B) Hysteresis loops for different
stress ranges. The colored area is the range of  measured. Arrows indicate the direction of the stress sweep.
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the critical onset stress for shear thickening remains essentially
the same for both regimes, indicating that it is the critical stress
that leads to the thickening behavior.

By changing the maximum 7 in the stress-controlled ramps, the
rheopectic and thixotropic rheologies can be activated separately.
We demonstrate this in Fig. 2B by ramping forward and then
backward over three different 7 ranges. For 10 Pa < 7 < 10? Pa
(Bottom panel), only rheopexy appears but thixotropy is absent.
The thixotropic behavior can be switched on by extending the
range of applied stress to 7 = 103 Pa (Middle). Extending this

to the full range 10 Pa < 7 < 10% Pa (Top) intensifies the
thixotropic viscosity drop on ramping backward, but, as expected
from physical friction-induced thickening at large stress, does
not show significant hysteresis (only the very slight thixotropy
associated with unfunctionalized fumed silica). Interestingly,
the crossing stress of the forward and backward viscosity
ramps is independent of the measured stress range. This again
demonstrates that the rheopectic and thixotropic behaviors are
independent and, therefore, function as distinct memory units.

Training Different Memories. The ability of shear-induced mi-
crostructural states to retain a memory of the applied stress makes
it possible to evolve the suspension’s properties in a desired
direction, i.e., to train the metafluid. In the following, we discuss
how applying a repeated stress loading as a training stimulus
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allows us to tailor the mechanical properties of the suspension
such as its effective impact resistance (Refr). We demonstrate
this by applying low-velocity impacts to the free surface of the
suspension with particle concentration ¢y, = 40%. An impactor
(Zwick-Roell Z1.0 universal tester, equipped with a 1 kN load
cell) pushes a cylindrical rod (6.4 mm diameter) vertically into
the suspension to a fixed depth L = 5 mm, measured from
the free surface at rest (Fig. 34). This is done for 10 cycles
under speed-controlled conditions using a wide range of different
training velocities i, while the impactor records the normal
force on the rod. Depending on the impact speed vir,in during
training, we find opposite behaviors. For sufficiently low speeds,
the peak magnitude Fy of the normal force at the n-th impact
increases over successive cycles. This is shown in Fig. 3B for two
example traces and implies a gradual stiffening of the suspension
associated with the rheopectic component of the suspension.
However, thixotropy comes into effect when training at larger
speed Verain. In this regime, weakly attractive particle flocs break
up, leading to a softening as seen in Fig. 3C by the decrease in
the peaks of /.

The effect of such training can be quantified by estimating the
effective impact resistance Reff, resulting from each successive
impact. We take Refr,y = Teff/Veff With an effective stress given
by tef = F/A, where A is the surface area of the impacting
rod (6.4 mm in diameter), and an effective shear rate given
by Vetf = vtrain/L. For the calculation of R, we use FN at
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Fig. 3. Training via repeated vertical impact. (A) Setup for the impact test. For the training process, the impacting rod travels L = 5 mm up and down at a
fixed velocity vi4, and the normal force Fy on the impactor is tracked as a function of time. (B) For low vyy,in, stiffening of the suspension is observed. (C)
The suspension softens when repeated impact occurs with larger virain. (D) Effective impact resistance Ref y during training as a function of training cycle n,
normalized by Ref 1 for the first cycle. (E) Refr , for the first cycle (n = 1, closed symbols) and the final cycle (n = 10, open symbols) as a function of vi.4in. Red
horizontal lines in (B and C) refer to the maximum Fy during the 10 training cycles.
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a displacement of 4 mm, i.e., 1 mm before the full depth of
the impact stroke is reached, in order to exclude boundary
effects. In Fig. 3D, Ref,, normalized by the initial, untrained
resistance R, is plotted for different training speeds. For
Vtrain < 0.2 mm/s, the data show a gradual viscosity increase,
which saturates for 7 > 6. For example, low-velocity training at
Vtrain = 0.04 mm/s increases the fluid resistance up to 4 times
compared to the untrained case Ref,1. In contrast, training at
Virain > 0.5 mm/s leads to a decrease in resistance. For instance,
training at vy,in = 2 mm/s produces a resistance almost 5
times lower than R 1. The change of Ref,, over time shows
a dependence on both vy,in and training time (87 Appendix,
Fig. S4). Since the rheopexy leads to a slow and gradual increase
in viscosity, more training cycles (or time) result in a slow growth
of Reg undil it reaches a steady state. However, the thixotropy
reaches its steady state faster, requiring fewer cycles (n & 4).

We can tie this training-induced behavior of the metafluid
to its shear rheology by taking the crossing of the forward and
backward viscosity ramps in Fig. 1C to estimate the impact speed
that separates stiffening from softening. For the ¢, = 40%
suspension, this crossing occurs at a stress of about 100 Pa and
a viscosity of 3 x 10° mPa- s, corresponding to a shear rate
7/n = (1/3) x 107! s71. Equating this with the effective rate
Yeff = Vgrain/L during training with L = 5 mm, we obtain
that the crossing seen in the shear rheology corresponds to an
impact speed of approximately 0.2 mm/s (or jgf = 0.04 s~ 1;
see SI Appendix, Fig. S5 for a direct comparison between
the shear rheology and R.g,). Since the crossing point in
the shear rheology defines conditions under which the time-
dependent behavior vanishes, we can expect minimal evolution
of the effective impact resistance if the training occurs at the
corresponding impact speed. In Fig. 3D, we indeed find minimal
changes in R, with 7 when vy, & 0.2 mm/s. This is
highlighted in Fig. 3£, which compares the initial resistance Ref 1

A time D
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= O
[} g
£ .. E
8 =
© . . S 5
! training |10
S ‘\/—’ read-out,
training, V=Vtrain V=Vread
B o = C o=z <0t
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(open symbols) with the trained value Ref 19 after 9 additional
impact cycles (closed symbols). The correspondence between the
shear rheology (Fig. 1C) and the resistance evolution during
impact training at different speeds (Fig. 3F) demonstrates that
the trainability originates from the time-dependent rheology of
the metafluid and the associated memories.

Note that the degree of trainability, given by the difference
between the open and closed symbols in Fig. 3, is reduced
significantly when the impact speed exceeds values around
10 mm/s, which corresponds to the onset of the second shear
thickening regime for the ¢, = 40% suspension. We do not
expect much trainability in that regime because the thixotropy
in the stress range dominated by contact friction is minimal.
This is verified by impacting suspensions made from the same
fumed silica particles but suspended in a liquid that does not
form dynamic bridging bonds and therefore shear thickening is
solely due to contact friction [see S/ Appendix, Fig. S6 for a fumed
silica suspension suspended in poly(ethylene glycol) 200 g/mol].
In this case, Refr,, does not evolve over successive training cycles
and instead keeps a fixed value.

Many applications of dense suspensions focus on energy
dissipation properties. In this regard, trainability makes it possible
to tailor the mechanical response through different training
protocols. We examine this through a two-step process, whereby
we first train the suspension through 10 impact cycles to imprint
a memory. We then immediately switch to probing the trained-
in impact response with a separate “read-out” compression
at fixed velocity vy, d = 0.1 mm/s (Fig. 44). Fig. 4B shows
representative traces of / as a function of time during read-outat
Vread = 0.1 mm/s, after being trained at low vin = 0.03,
0.04, 0.1, and 0.2 mm/s (Top to Bottom). A decrease
in FN during the read-out compression is seen as vain
increases. The most drastic decrease is observed for larger
training velocities (Fig. 4C) using vgain = 0.5, 1, 2, and
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Fig. 4. Read-out of memories in the trained metafluid. (A) lllustration of the read-out protocol (blue background) after 10 cycles of training. After training at
given vi,4in (yellow background), the impactor rod compresses the trained fluid at fixed v,o5q = 0.1 mm/s while the normal force fy is measured. (B) Read-out
force for low impact speeds viy4i, = 0.03, 0.04, 0.1, and 0.2 mm/s (Top to Bottom). (C) Read-out force for larger impact speed viy4in= 0.5, 1, 2, and 30 mm/s (Top
to Bottom). (D) Effective impact resistance during read-out Reff reaq at the impact depth L = 4 mm and (£) energy absorbed £, during read-out with constant
read-out velocity vya5q = 0.1 mm/s after being trained at varying training velocities vy, (F) Lifetime of memories trained at v 4jn, = 1 mm/s. The mechanical
response of the trained suspension is measured at the same compression speed of 1 mm/s after a relaxation time of 0, 5, 10, 30, 100, and 300s. (G) Peak
normal force during read-out F"2X d/Fma>< normalized by the peak force of the untrained suspension Fmax as a function of relaxation time.
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30 mm/s (Top to Bottom). Fig. 4D illustrates the range
Of Reffread (measured at impact depth L = 4 mm) cha-
nges resulting from different training conditions, reflecting the
range in achievable mechanical response. The effective impact
resistance measured at the read-out step Reff read shows that as a
result of training, the final trained resistance can be controlled
significantly, ranging from R ~ 5 x 10% t0 3 x 10° Pa - s.
Changes in mechanical stiffness directly influence the mag-
nitude of energy dissipation. The absorbed energy Eyp during
the read-out impact is estimated by integrating the work done:
Eubs = [ Fn(L) dL during the first 80% of impact to avoid the
boundary effect near the wall. The total amount of energy ab-
sorbed at a low-speed read-out v, = 0.1 mm/s is proportional
to the material Re after the training (Fig. 4E). A stiffened mate-
rial trained at a slow velocity has a 5x greater impact-mitigating
property than the high-velocity-trained fluid. The mechanical
response of trained suspensions can be influenced by the impact
speed depending on the lifetime of memory and its resilience. To
elucidate how the trained materials respond to different impact
events, we explore the amount of energy absorption Eyps at a
higher impact speed vead = 5 mm/s (50 times faster impact)
following the same training procedure (S Appendix, Fig. S7). The
overall dissipated energy is increased by one order of magnitude
owing to a higher speed impact at read-out. Interestingly, the
memory in the fluid is still persistent under a fast impact. For
a fluid trained at low-velocity (virain < 0.1 mm/s), there is no
training effect at 5 mm/s read-out velocity. At higher vyin >
0.1 mm/s, a systematic softening appears, reducing E,ps, followed
by a plateau at high vr,in > 10 mm/s. As a result, the amount of
mitigation can be controlled by a factor of 2.5 (from 4 to 107J).
The versatility of training-in different properties is critically
influenced by the lifetime of the material’'s memory. To discern
the lifetime of trained memory, we measure the recovery of Fy
of a trained suspension at varied relaxation times between the
training and read-out steps. The metafluid (¢, = 40%) is
trained at an impact speed of 1 mm/s for 10 cycles and then
left to rest for different relaxation times from 0 to 300 s. After
relaxation, the normal force is measured during a read-out step
(Fig. 4F). The peak force FI'\HL&;’; 4 has its extreme value right after
training and then relaxes over time. For the example in Fig. 4F,
where the training was done at large velocity, this peak force is
smallest immediately after training and for longer relaxation times
increases back to the value of the untrained state. This relaxation
of the trained fluid is quantified by plotting F{7¢ y normalized
by the peak normal force of the untrained suspension FyT*

(Fig. 4G). The ratio FI‘\“L?’; o T shows that the trained fluid

recovers approximately 95% of its untrained state in 100 s. This
relaxation can occur without any physical agitation, facilitating a
reprogrammable impact-mitigating capability upon further train-
ing. In the stiffening regime at low viryin = 0.1 mm/s, however,
the memory lasts over 3,000 s (S/ Appendix, Fig. S8), resulting
from the slow relaxation of dynamic thia-Michael bonds with
the equilibrium constant K.q = 8,000 M1 (9, 10). This reveals
that different memory components result in distinct long and
short memory lifetimes. Importantly, a trained-in state with long
memory can be overridden and retrained at any point, quickly
enabling the softening of the fluid at a high v, = 1 mm/s.

Conclusions

In this study, we introduce a class of suspension-based complex
fluids with multiple stress-activated memories, which behave
as metafluids. The rheological metafluid is designed to exhibit

https://doi.org/10.1073/pnas.2509525122

two distinct memories in dense suspensions originating from
the presence of both chemical and physical particle—particle
interactions. We show that this combination makes it possible to
engineer stress-adaptive rheological behavior that includes dual
shear thickening regimes, rheopexy, and thixotropy. Further-
more, reinforcing the memory of shear-induced microstructure
through training, i.e., repeated load application, enables this
metafluid to exhibit distinct stress responses, such as stiffening
or softening due to impact, depending on the training protocol.
The lifetime of the trained-in memory and the range of trainable
mechanical properties of these suspensions could be tuned further
by tailoring the relaxation of dynamic bonds in the rheopectic
regime and reaggregation kinetics in the thixotropic regime. For
instance, increasing the equilibrium constant of the dynamic
bonds (9, 30, 31), increasing the molecular weight of the
telechelic molecules (10), and/or lowering temperature (9) all
result in slowed relaxation, thereby extending the lifetime of
trained-in states and expanding the phase space for customiza-
tion of memory-forming metafluids. The range of trainable
mechanical response could also be influenced by the equilibrium
constant. However, if the equilibrium constant is too large it
will hinder dissociation of the dynamic polymer brush layer
upon application of stress thereby suppressing the formation of
bridging interactions.

Such trainable adaptivity differs from the behavior of materials
that harden under mechanical force through mechanochemical
polymerization and crosslinking mechanisms (32—34). In those
materials, the hardening is driven mainly by chemical reactions
that are irreversible, which effectively corresponds to a single
memory of infinite duration. This preserves the materials’
properties but prevents them from being retrainable and often
also reprocessable. By contrast, the suspension-based metafluids
introduced here have multiple memories of finite duration. As
with biological systems such as muscle, finite memory requires
maintenance, which typically will occur through continual
exposure to stresses provided by the environment. At the same
time, a finite memory enables retraining for different properties
(35). This feature also highlights how trainable metafluids can
change their mechanical behavior in response to changes in the
external environment.

Materials and Methods

Synthesis of p-Nitrobenzalcyanoacetamide-Endcapped Poly(propylene
Glycol). NOy-BCAm-endcapped poly(propylene glycol) Michael-acceptor was
synthesized following the previously reported method (9). First, 40 g (10 mmol)
of Jeffamine D-4000 (Huntsman, average molecular weight of 4,000 g/mol)
and 2.2 stoichiometric ratio cyanoacetic acid (Alfa Aesar, 22 mmol) were added
to a 250 mL round-bottom flask with a solution of 40 mL dimethylformamide
(DMF) and 120 mL toluene mixture. 0.4 g of p-toluenesulfonic acid (Sigma-
Aldrich, >98.5%) was added to the flask. While stirring, nitrogen gas was
purged for 30 min. The reaction proceeded at 120 °C for 8 h, and the
produced water was removed from the toluene and water azeotrope mixture
through a Dean-Stark trap. After the reaction, the toluene solvent was removed
from the solution using a rotary evaporator, and 50 mL of chloroform was
added to dilute the product. The cyanoacetamide-terminated poly(propylene
glycol) (1) solution was washed three times with sodium bicarbonate aqueous
solution and water. The washed product 1 was dried with magnesium sulfate
and filtered. Finally, the remaining chloroform was removed using a rotary
evaporator.

Product 1 was further reacted with 4-nitrobenzaldehyde (Sigma-Aldrich,
98%) to synthesize ditopic Michael-acceptor. 10 mmol 1 and 24 mmol
4-nitrobenzaldehyde were added to a 250 mL flask with a mixture of 120
mL toluene and 40 mL DMF. 0.4 g of piperidinium acetate was added to the
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flask. The reaction proceeded at 120 °Cfor 8 h. The same washing protocols were
used to remove the unreacted reagents and piperdinium acetate. The molecular
weight of the ditopic macromonomer was 6,100 g/mol as measured by NMR
spectroscopy.

Synthesis of Thiol-Functionalized Fumed Silica Particles. Fumed silica
particles (AEROSIL OX 50) were purchased from Evonik. The particle surface

area is 50 m2/g. The particles were functionalized by using the procedure
reported previously (36). First, 10 g of silica particles were added to 400 mL of
toluene. Before the reaction, the suspension was homogenized by sonicating
and stirring for 1 h. Then 10 molecules of 3-mercaptopropy! trimethoxysilane
(MPTMS, Sigma-Aldrich, 95%) per nm? surface area of the fumed silica particles
were added to the solution, and the suspension was left at reflux for 24 h.
During the reaction, the suspension was stirred with a magnetic stirrer. After
the reaction was completed, toluene was removed using a rotary evaporator.
The dried powder was washed with ethanol three times by repeated cycles of
sonication and centrifugation. The final particles were completely dried under
vacuum for at least 24 h.

The density of the surface thiol functional groups was characterized with NMR
spectrometry, following the method presented by Crucho etal. (36). Briefly, 5mg
of particles were dissolved in 0.5 mL D20 solution (0.5 M NaOD) with 3.3 mg
1,3,5-trioxane used asaninternal standard. The solution was heated to 90 °Cand
stirred for approximately 2 h. The surface thiol density was determined by TH
NMR (Bruker Avance nanobay Il HD 400 MHz nuclear magnetic resonance
spectrometer) (ONa)3SiCHpCHyCHoSH peak at 6 = 0.62 ppm, yielding
1.5 thiol-per-nm? surface area. The particle size was measured with a FEl
Tecnai F30 scanning transmission electron microscope. The primary particle
radius showed a marginal increase from 41 + 2 nm to 43 &+ 3 nm after
functionalization.

Sample Preparation and Shear Rheology Measurement. Suspensions
were prepared by mixing dried thiol-functionalized fumed silica particles and p-
nitrobenzalcyanoacetamide-endcapped poly(propylene glycol). The suspension
was mixed homogeneously and sonicated for approximately 1 h.
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using a cylindrical impacting rod with a diameter of 6.35 mm. The sample was
loaded into the cylindrical beaker with a diameter of 3.5 cm and a height of 6 cm.
Experimentsbeginwith the bottom face ofthe impactorrod justbelowthe surface
of the suspension to avoid introducing air bubbles during compression. While
the impactor travels through the suspension, the mechanical tester continuously
records the normal force, position, and time. For cyclic training experiments, the
rod pushes into the suspension at a fixed rate up until a set depth before lifting
back up to its starting height; this lowering-raising action is repeated n times
during training.

Relaxation Experiments with Impact Test. Relaxation experiments were
performed using a Zwick-Roell Z1.0 mechanical tester (1 kN load cell). The
impactor rod was submerged into the 40 wt% suspension. 10 cycles of axial
oscillationwere applied to the suspension with the constantvelocity virsining = 1
mm/s. The trained suspension was left for a certain relaxation time and then
impacted with the same 1 mm/s velocity. To explore different relaxation times,
the trained suspension was left to equilibrate and then retrained for a different
relaxation time (0 to 300s).

Data, Materials, and Software Availability. All study data are included in
the article and/or S/ Appendix.

ACKNOWLEDGMENTS. We acknowledge support from the University of
Chicago Materials Research Science and Engineering Center, which is supported
by the NSF under award DMR-2011854. This work was partially supported by
NSF under award DMR-2104694.

19. K. M. Herbert et al., Dynamic reaction-induced phase separation in tunable, adaptive covalent
networks. Chem. Sci. 11, 5028-5036 (2020).

20. T.M.FitzSimons, E. V. Anslyn, A. M. Rosales, Effect of pH on the properties of hydrogels cross-linked
via dynamic thia-Michael addition bonds. ACS Polym. Au 2,129-136 (2021).

21. S.R.Raghavan, H. J. Walls, S. A. Khan, Rheology of silica dispersions in organic liquids:
New evidence for solvation forces dictated by hydrogen bonding. Langmuir 16, 7920-7930
(2000).

22. H.Kim et al., Shear thickening in suspensions of particles with dynamic brush layers. Soft Matter
20, 6384-6389 (2024).

23. B. M. Guy, M. Hermes, W. C. Poon, Towards a unified description of the rheology of hard-particle
suspensions. Phys. Rev. Lett. 115, 088304 (2015).

24. K. Dullaert, J. Mewis, Thixotropy: Build-up and breakdown curves during flow. J. Rheol. 49,
1213-1230(2005).

25. R.G. Larson, Y. Wei, A review of thixotropy and its rheological modeling. J. Rheol. 63, 477-501
(2019).

26. J. Mewis, N. J. Wagner, Thixotropy. Adv. Colloid Interface Sci. 147, 214-227 (2009).

27. K. Dullaert, J. Mewis, A model system for thixotropy studies. Rheol. Acta 45, 23-32 (2005).

28. F.Pignon, A. Magnin, J. M. Piau, Butterfly light scattering pattern and rheology of a sheared
thixotropic clay gel. Phys. Rev. Lett. 79, 4689 (1997).

29. F.Pignon, A. Magnin, J. M. Piau, Thixotropic behavior of clay dispersions: Combinations of
scattering and rheometric techniques. J. Rheol. 42, 1349-1373(1998).

30. Y.Zhong, Y. Xu, E. V. Anslyn, Studies of reversible conjugate additions. Eur. J. Org. Chem. 2013,
5017-5021(2013).

31. A.E.Crolais et al., Enhancing the equilibrium of dynamic thia-Michael reactions through
heterocyclic design. J. Am. Chem. Soc. 145, 14427-14434(2023).

32. 7.Wang etal., Bio-inspired mechanically adaptive materials through vibration-induced
crosslinking. Nat. Mater. 20, 869-874 (2021).

33. Z.Wang, J. Ayarza, A. P. Esser-Kahn, Mechanically initiated bulk-scale free-radical polymerization.
Angew. Chem. 131,12151-12154(2019).

34. T.Matsuda, R. Kawakami, R. Namba, T. Nakajima, J. P. Gong, Mechanoresponsive self-growing
hydrogels inspired by muscle training. Science 363, 504-508 (2019).

35. H. M. Jaeger, A. Murugan, S. R. Nagel, Training physical matter to matter. Soft Matter 20,
6695-6701(2024).

36. C.1.Crucho, C. Baleizdo, J. P. S. Farinha, Functional group coverage and conversion quantification
in nanostructured silica by TH NMR. Anal. Chem. 89, 681-687 (2017).

https://doi.org/10.1073/pnas.2509525122

7 of 7


https://www.pnas.org/lookup/doi/10.1073/pnas.2509525122#supplementary-materials

	Materials and Methods

