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Active doping controls the mode of failure in dense colloidal gels
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Mechanical properties of disordered materials are governed by their underlying free energy land-
scape. In contrast to external fields, embedding a small fraction of active particles within a dis-
ordered material generates non-equilibrium internal fields, which can help to circumvent kinetic
barriers and modulate the free energy landscape. In this work, we investigate through computer
simulations how the activity of active particles alters the mechanical response of deeply annealed
polydisperse colloidal gels. We show that the ’swim force’ generated by the embedded active par-
ticles is responsible for determining the mode of mechanical failure, i.e., brittle vs. ductile. We
find, and theoretically justify, that at a critical swim force the mechanical properties of the gel de-
crease abruptly, signaling a change in the mode of mechanical failure. The weakening of the elastic
modulus above the critical swim force results from the change in gel porosity and distribution of
attractive forces among gel particles. Below the critical swim force, the ductility enhancement is
caused by an increase of gel structural disorder. Above the critical swim force, the gel develops
a pronounced heterogeneous structure characterized by multiple pore spaces, and the mechanical
response is controlled by dynamical heterogeneities. We contrast these results with those of a simu-
lated monodisperse gel that exhibits a non-monotonic trend of ductility modulation with increasing
swim force, revealing a complex interplay between the gel energy landscape and embedded activity.

SIGNIFICANCE

Adaptive materials that can alter their mechanical
properties in response to an external stimulus are highly
desirable. Specifically, yielding of disordered materials is
a nonlinear process governed by their complex free en-
ergy landscape. Using Active Brownian Dynamics sim-
ulations, we demonstrate precise control of colloidal gel
structure, elasticity and ductility by tuning the proper-
ties of a remarkably small fraction of embedded active
particles, specifically their propulsive swim force. Our
findings show that active doping is an effective approach
to modulating the mechanical properties of the host ma-
terial, providing guidance for designing novel reconfig-
urable materials.

INTRODUCTION

Biological matter has the amazing capability of adapt-
ing to its environment. For instance, cells alter their stiff-
ness and viscosity in response to different substrate rigidi-
ties [I] by polarizing their actin cytoskeleton network [2].
Adaptations generally render more robust response to en-
vironmental changes and enhance the chances of survival
for living organisms. Inspired by biology, can one endow
passive synthetic materials with similar controlled me-
chanical adaptivity? In this work, we consider a simple
system of passive colloidal particles where a small frac-
tion of them can be activated by external stimuli to self-
propel, i.e., become active Brownian particles (ABPs) [3].
The persistent motion of ABPs distinguishes them from
passive Brownian particles and can be understood as
a source of mechanical force or stress, i.e. the swim
stress [4, [B]. In fact, it is possible to extract mechani-
cal work from self-propelling particles and transmit free

energy to the surrounding or to other components of the
system [6H8]. This mechanical perspective suggests that
embedded activity may be harnessed to modulate the
mechanical properties of a host material.

Recent advances in colloidal physics and chemistry pro-
vide the ability to engineer colloidal particle shapes [9]
and interaction potentials [10], which have led to the self-
assembly of various structured colloidal materials with
different symmetries and hierarchies [ITHI5]. As an al-
ternative to this passive self-assembly, active doping —
namely embedding a small fraction of active particles
into the host material — can provide a non-equilibrium
route for directed self-assembly that may overcome Kki-
netic arrest and frustration in passive self-assembly. For
example, adding a small amount of active particles can
promote the crystallization of colloidal hard spheres [16]
or attractive particles [I7], and anneal defects in dense
colloidal monolayers [I8, [19]. In disordered colloidal gels,
Omar et al. [20] showed that the dynamical free en-
ergy landscape can be engineered by changing the self-
propulsive swim force and the length and time scales
of the persistent motion of active particles, resulting in
widely different gel structures.

The mechanics and rheology of dense gels and glasses
are governed by the inherent structures of the energy
landscape [21H23] and by dynamical heterogeneities [24],
25].  Linear response properties in disordered hard
sphere packings are known to relate to the glass tran-
sition |26, 27] and follow universal scalings [2§] at the
jamming point. As a nonlinear response to external load-
ing, yielding and plasticity can be viewed as stress and
thermal activation processes on a complex energy land-
scape [29]. The ductility of yield-stress colloidal materi-
als, such as cement [30} B1], is a property that determines
the integrity of human-made structures, such as buildings
and bridges, and thus is relevant to their life-time and



durability. At the same time, structural features, such as
pore network connectivity and topology, have fundamen-
tal implications for multiple degradation mechanisms of
heterogeneous materials [32H34]. It remains to be under-
stood how the internal energy sources in active matter
interplay with the underlying energy landscape of the
host material and consequently modulate its structural
and mechanical properties.

Recent experiments on dilute gels [35] [36] observed a
dramatic threefold change in the yield stress due to a
tiny fraction (0.1 %) of active particles disrupting the
gel structure. The activity-induced structural changes
were long-lasting even after activity was switched off [37],
demonstrating a strong impact of activity on the aging
behavior of dilute gels. A wide range of practical colloidal
materials is dense, glassy and much stiffer, such as cement
paste. How does activity alter the mechanical behaviors
of such dense gels?

In this work, we consider a simple system of passive
colloidal particles with a small fraction (~ 10%) of em-
bedded ABPs. The ABPs self-propel at a fixed swim
force. We develop an active Brownian dynamics (BD)
model to numerically demonstrate precise control of the
structure and mechanical properties of dense disordered
colloidal gels by altering the activity of the embedded ac-
tive particles. Specifically, we show a fine control of the
gel’s brittle-ductile transition by varying the swim force,
accompanied by a nonlinear change of the gel pore mor-
phology and elastic properties. Our results demonstrate
a protocol for modifying colloidal gels in response to ex-
ternal loading so that they deform in a ductile manner
instead of catastrophic brittle failure. These results pave
the way to adaptive materials design by active doping.

MODEL OF DEEPLY ANNEALED GELS DOPED
WITH ACTIVE PARTICLES

We model dense active-doped gels as random polydis-
perse packings of spheres, where only ¢4 =10% of the
particles are Active Brownian Particles (ABPs), as shown
in Fig. A). ABPs’ motion is overdamped and a particle
moves at a velocity U that satisfies the force balance

—(U +CF° + FB 4+ FF =, (1)

where ( is the fluid drag, and F¥ = (Uyq is the self-
propulsive swim force, with Uy the swim speed in the
direction q. FT is the interparticle force and F'P is the
random Brownian force. An ABP is also subject to a
random torque that changes the orientation g over the
reorientation timescale T (see Materials and Methods).
The passive colloidal particles follow the same dynamics
except that they do not self-propel (F¥ = 0.).

Activity of the ABPs will be switched on and then off,
similar to recent experiments for quasi-2D gels [37]. The
passive gel particles strongly attract each other (attrac-
tion potential well depth € = 10 kgT’; see Materials and

Methods), but the ABPs are not attracted to the gel par-
ticles (or each other) and behave as soft spheres. Before
switching on the activity of the ABPs (their swim force
is F¥ = 0 at this moment), the active-doped gel sam-
ples are annealed to low effective temperature via the
swap Monte Carlo algorithm [38, 39]. As a result, we
obtain stable dense gels that are brittle in nature [40].
After annealing to a low temperature (757 > 1), the in-
teraction energy dominates over mixing entropy and fa-
vors micro-phase separation where the ABPs aggregate
to form pockets naturally, as shown in Fig.
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FIG. 1. Dense active-doped gel model. (A) A typical initially
annealed configuration. Green for polydisperse passive gel
particles, darker particles have larger coordination numbers.
Orange for ABPs. Yellow arrows denote the randomized ini-
tial orientation of the ABPs. The fraction of ABPs in each
sample is about 10%. (B) g(r) for the gel-gel particles and
ABP-ABP particles show a micro-phase separation of ABPs.

PROTOCOL FOR ACTIVATED GELS:
NONLINEAR DYNAMICS OF CONSTANT
PRESSURE ACTIVATION

The activation process proceeds by turning on the ac-
tive swim force of the ABPs to a finite value F*° instan-
taneously, with randomized initial orientations q and re-
orientation time 7z = 2 7, where 75 is the Brownian
timescale (see Methods). Activation causes the gel to
expand, and, as in an experiment, the gel expands at
constant pressure. The pressure, or the active stress of
the gel is the sum of the kinetic pressure nkg71 and the
virial part I1* = o> > @o - F.. Here, F. is the total
force exerted on particle o from the other passive and
active particles, including the swim force, for which we
use the impulse formula: x,, - FO*? =T1rU, - Fg? .

Once the ABPs are activated, the unit cell expands
isotropically according to the non-equilibrium constant
pressure barostat [41]

L 1 1 .

where k7 is an isothermal bulk viscosity of the gel and
Il is the ambient pressure set to balance the thermal
pressure before activating the ABPs. Immediately after



the activity is turned on, the active stress is large and
positive (Fig. [2A inset), leading to an instantaneous vol-
umetric expansion (Fig. [2A) that is far from equilibrium
in nature. The excess stress quickly decays due to the
volume expansion, and the entire system then expands
quasi-statically over timescales longer than the Brown-
ian time, as shown in Fig. [ B).

To make a rough estimate of the effect of activation,
a homogeneous gel will rupture at a pressure Po ~
%Zéﬂchana, where the typical attractive force between
gel particles Fyean ~ 10kpT/a, originating from their
interaction potential. Here, Z!; ~ O(1) is the effective
per particle nearest neighbor pairs across a plane, and a
is the average particle size. The homogeneous collisional
pressure from the ABPs is II. ~ ¢4 F* a%, which gives
the critical value to rupture the gel through isotropic ex-
pansion: F*S ~ Z!oFyean/¢ ~ 102kpT/a. Hence, within
a reasonably mild activity range, the gel will not be torn
apart by the ABPs.

On the other hand, at a local scale the ABPs can break
apart passive particle pairs and penetrate into the gel.
The critical swim force F¥ to break a pair of attractive
passive particles can be estimated by considering the en-
ergy of quasi-statically breaking a bond:

€

FS ~ = Zu, 3
e~ o Zett (3)

where Z.g is the effective coordination number of passive
gel particles. Simulation results give F¥ ~ 15kgT/a,
or Zeg ~ 1.5, which is reasonable. This critical swim
force separates qualitatively different regimes of the gel
structure and mechanics, as discussed below.

After steady state, we turn off the activity of ABPs
(F® = 0), and let the system relax to the initial ambi-
ent pressure IIy. The total volume shrinks as the active
collisional pressure is eliminated. The final volume is
always larger than the initial value and grows as swim
force increases, as shown in Fig. C)7 indicating irre-
versible structural changes. We then quantify the struc-
tural changes compared to the initial annealed state.

ACTIVITY-MODULATED ELASTICITY

To determine the effect of active doping on the me-
chanical properties of the gel, we perform athermal quasi-
static (AQS) simple shear simulations on the final gel
configurations. During shear, the ABPs remain deacti-
vated (F° = 0). Below, we denote gel samples by the
F?3 (in units of kpT/a) values of the ABPs during the
activation processes.

First, we examine the linear response of gels activated
at different F'°. We quantify the shear modulus using
the initial slope of the stress-strain curve at shear strain
€ < 1%. The initial gels are strong compared to the pre-
vious experimental dilute gels [35] [36] reflected by their
relatively high shear modulus G. As shown by the blue
line in Fig. ), G(F® = 0) =~ 0.25 Grcc, where Gpec is

the modulus of a FCC crystal calculated from the same
AQS protocol. For these inactivated gels, their elastic
regime is quite ideal, evidenced by the moving-averaged
frequency of stress drops as shear strain increases, as
shown by the orange line in Fig. D). Very few stress
drop appear at the early stage of small ¢ < 1%.

After activation, the shear modulus G is weakened as
FS increases. Noticeably, the decrease in G is nonlinear
in F¥, with a drastic decline around F¥ ~ F?2. Al
though G decreases rapidly around F? ~ 15 kpT/a,
it remains finite and the same order of magnitude even
at 'Y = 30 kgT/a (from initial Gy ~ 0.25 Gpcc to
Go ~ 0.1 Gpcc). Hence, FCS is below the force necessary
to “fluidize” the gel, where the shear modulus decreases
to zero. According to the estimate in the last section,
ABPs with swim forces above F¥ can break local bonds,
and cages formed during gel annealing can be broken in
this regime. As a result, the elastic regime of highly
activated gels deviates from the ideal scenario, and be-
comes populated with microscopic plastic deformations
even at small strain € < 1%. These localized irreversible
deformations are recorded in the higher initial frequency
of stress drops, as shown by the blue and green lines in
Fig. D); the system loses rigidity as F'¥ increases.

The structural origin of the rigidity loss can be under-
stood from the perspective of the Cauchy-Born theory of
amorphous solids [42], 43]. To clarify this, we define the
mean number of contacts per particle V., as shown in
Fig. [B[B) (see Materials and Methods). For gels below
F?, N, stays large, which is consistent with the rigid gel
response to loading. For gels activated at F¥ > FS N,
decreases rapidly, indicating the onset of loss of isostatic-
ity [44]. As one expects from the Cauchy-Born theory,
the shape of G(F*®) resembles that of N.(F*), compar-
ing Fig. B(A) and (B). The correlation between N, and
G observed here is consistent with previous experiments
on passive colloidal gels [45] [46]. Overall, our findings
here show that tuning F*¥ can control the gel network
topology and elastic modulus.

ACTIVITY-INDUCED BRITTLE-TO-DUCTILE
TRANSITION

Preluded by the increasing abundance of microscopic
plastic deformations at small strain, for large deforma-
tions that yield the gels, the stress-strain responses un-
dergo a continuous change from brittle to ductile behav-
ior as F' increases, as shown by Fig. A) red line and
(C). The yield point is taken as when the macroscopic
shear stress saturates or starts to decrease as shear strain
increases. The yield strain is always around & ~ 8%, re-
gardless of different F'® values. The yield stress, however,
decreases continuously as F'° increases. To quantify the
gel ductility, we measure the stress drops Ao (see Ma-
terials and Methods) during the simple shear processes.
As expected, the maximum stress drop Aomax coincides
with the yielding transition and the magnitude of Aoyax
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FIG. 2. Nonlinear dynamics during the activation processes. (A) Typical volume expansions at the early stage immediately
after the ABPs’ activity is turned on. Inset shows the instantaneous active stress is large at ¢ = 0 but quickly decays. (B)
Quasi-static gel volume expansion during activation; F¥ increases from 10 to 30 kBT /a as line colors become darker. (C) Both
the steady state and final gel volumes increase as F*¥ increases. (D) The self-diffusivity of the gel particles and ABPs during
activation.
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FIG. 3. Mechanical properties of the gels after activation-deactivation processes at different swim forces. (A) Both elastic
modulus (G, blue line, normalized by Grcc) and maximum stress drop size max(o) decrease with swim force. (B) Mean
contact number per particle N, as a function of F. (C) Stress-strain curves for the initial gel and activated gels during
athermal-quasi-static shear tests, each curve is averaged over 5 samples. (D) Typical stress drop frequencies (moving averaged)

during shear.

is used as a scalar measure of brittleness.

The inactivated gels are quite brittle, with a significant
stress overshoot in their stress-strain curves, as shown by
the orange curve of Fig. C). Correspondingly, Ao pax
is largest at F'S = 0. For gels activated at different F'S,
Ao follow similar truncated power-law distributions (SI
Fig. 1), but Aopay decreases as F% increases, as seen
in Fig. [B(A). In contrast to the drastic decrease of G
around F¥, Aop,ax decreases mildly with increasing F'°.
Meanwhile, the total number of stress drops, or plastic
events, increases when F° > FCS , as shown by the total
areas under different curves in Fig. [(D). Overall, these
statistics of plastic events indicate that the gels become
more ductile as F° increases.

We notice that the Aopax at S = 30 kpT/a is still
finite (~ O(1)), raising the question of whether the yield-
ing behavior can be classified as truly ductile or rather
a series of small yet brittle avalanches. Current con-
tinuum models give different predictions on the nature
(discontinuous or continuous) of the brittle-ductile tran-
sition [40, 47H49]. To further clarify our quantification
of gel ductility, we examine the spatial distributions of
shear transformations during shear. For all gels acti-

vated at F*° > F? there is no shear banding that per-
colates the entire sample; in contrast, such percolating
shear bands always show up in the deeply annealed gels
without activation (Fig. [JA-D). The percolation behav-
ior of shear transformation zones is consistent with the
observed trends of Aopax and the avalanche frequency
v (see Materials and Methods) with respect to F'°. The
absence of shear bands suggests that the gels activated
above F¥ undergo truly ductile yielding. Below F¥, the
characteristic behaviors of Aopax and v indicate that the
gels continuously enhance ductility as I increases.

ACTIVITY-MODULATED STRUCTURAL
ENTROPY CHANGE AND ITS CONNECTION
TO BRITTLE-TO-DUCTILE TRANSITION

To understand the underlying structural changes re-
sponsible for the enhanced ductility, we examine the
degree of disorder of the passive gel particle configu-
rations by calculating the local excess entropy Sex =
S — Sig [62, 53] (see Materials and Methods) around each
particle and average over the sample, where Sj, is the
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FIG. 4. Typical shear transformations for F° = 20 during
stress drop events at shear strains of (A) ¢ = 5.47%, (B)
e =9.90%, (C) e = 10.16% and (D) shear banding for F* =
0 at ¢ = 10.15%. No shear banding is observed for F° =
20. Yellow particles have large non-affine displacements (;1
particle diameter) during the stress drop event. (E) Nonaffine
displacements [50, 51] accumulated during the shear strain
range £ € [0,10%)] (before yielding) for groups of particles
with different excess entropy.

ideal gas entropy. Below F7, the gel structure becomes
more disorder as F¥ increases, as seen by the increase
of Sex with F¥ shown in Fig. A). The enhancement
in ductility accompanied by the increase of disorder is
consistent with recent observations in other disordered
materials, such as silica or metallic glasses [64]. In that
study, structural disorder was assumed to originate from
irradiation. In fact, ABPs share similarities with irradi-
ation bombardment in terms of their ballistic motions at
short times. S, saturates when F° is slightly above F
and then decreases with increasing F°, indicating that
the local arrangement of gel particles is more ordered,
even though the gel is more ductile.

ACTIVITY-MODIFIED PORE NETWORKS
ENHANCE DYNAMICAL HETEROGENEITY

To rationalize the reversed trend of Sey at large F9,
we notice that above FCS7 the gel pore volume increases
significantly with F'* (Fig. |6|D). The irreversible volume
expansion induced by activity increases the internal pore
space volume Vjore, as shown in Fig. @(D) Below the crit-
ical swim force, both Vo and number of pores Vo in-
crease mildly with F'¥. In this regime, the ABPs are not
able to penetrate into the gel and disrupt its structure,
but rather they locally strain the gel and create a multi-
tude of small pores. Here, S¢x remains a good indicator
for local degree of order in the particle configuration and
gradually increases.

However, above F¥ the ABPs penetrate through the
gel backbone, enhancing the pore connectivity. As a
result, Npore decreases quickly, while Vo increases
rapidly, as shown in Fig. @(C) Typical final gel pore
structures are shown in Fig. [6] (A-C) at swim forces be-
low, near and above the critical force F¥. Hence, the
gel develops a larger pore network and exhibits stronger
structural heterogeneities, as supported by the broadened

distribution of Sex in Fig. B). In this regime, the de-
crease of Sex emphasizes only small nucleations of crys-
talline ordered clusters, but does not reflect the larger
scale pore topology. A closer examination of the most
orderly arranged particles with Sex < Sex — 0g, where
Sex is the mean of Sy and og is the standard deviation,
shows that these particles do not form a percolating back-
bone to sustain the globally applied external load; hence,
they do not dominate the gel’s response to shear. Instead,
the enhanced overall porosity and heterogeneity now take
over and increase gel ductility. Correspondingly, the sys-
tem behaves dynamically more heterogeneous, as shown
by the multitude of localized shear transformations with
small stress drops before yielding (Fig. [4).

ACTIVITY DRIVES THE ENERGY LANDSCAPE

From the perspective of inherent structures in glassy
states, the changes in mechanical properties discussed
above should be reflected in the different local en-
vironments on the energy landscape. Indeed, dur-
ing activation, the gel particles significantly enhance
their mobility as F'® increases, as shown by the self-
diffusivities in Fig. [2(D). Their steady-state mean-
squared-displacements (MSD) exceed a particle diame-
ter when F'¥ > F¥ (SI Fig.1), indicating cage-breaking
events during activation, consistent with the bond-
breaking argument and the observed change in inter-
particle contacts. Hence, we argue that the embedded
activity drives the system to effectively tunnel through
energy barriers and explore the landscape.

EFFECTS OF ACTIVE DOPING IN
MONODISPERSE GELS

To contrast the above results obtained from strong
glass formers made of polydisperse particles, we per-
form the same numerical protocols to 3D gels made of
monodisperse particles, again with 10% ABPs. After
thermalization at 1 kg7, they form disordered gels sim-
ilar to the polydisperse case.

A similar critical value of swim force F¥ a 15 is ob-
served, where the system volume increases mildly below
F? and drastically above F? (Fig. IﬂA) However, the
effects of activity on the structure and mechanics show
qualitative differences from the polydisperse gels. The
averaged local excess entropy Sex stays at low values be-
low F? and increases quickly for F¥ > FS. The increase
of Sex merely reflects the decrease in packing density —
locally particles form clearly visible crystallites, as shown
in Fig. D,E), and the fraction of crystalline particles
increases with F'°. Our result is consistent with previ-
ous studies showing the activity-induced enhancement of
crystalline order in monodisperse packings [I8, B3], dis-
tinguishing the role of embedded intrinsic activity from
thermal activation.
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FIG. 5. Local degree of structural disorder measured by the excess entropy Sex. (A) the excess entropy (left y-axis) averaged
over all particles (Sau blue line) and gel particles (Sge; black line), and the final total volume V. The initial total volume is
Vo = 1.03 x 10* a®. (B) Probability distribution of Sex. (C)(D) show snapshots of the final gels activated at F¥ = 10, 30,
respectively, with gel particles colored by their local excess entropy and the ABPs colored in orange.
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FIG. 6. Structural changes of the passive gel induced by the ABPs. (A)(B)(C) compare the final surface morphology of the
passive gels activated at F¥ = 10, F° = 20, and F° = 30. ABPs are orange spheres with yellow arrows indicating their
orientation, gel particles not shown. (D) shows the total number of pores in the sample Npore (blue line, left y-axis) and the
total volume of pore space Vpore (black line, right y-axis), as a function of the swim force of ABPs.
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FIG. 7. Active-doped monodisperse gels. (A) Local excess entropy Sex averaged over all particles (blue line, left y-axis) and
passive particles only (black line, left y-axis), and the final system volume V' (red line, right y-axis). (B) Averaged stress-strain
curves during athermal quasi-static shear. (C) Elastic moduli G (blue line, left y-axis, normalized by Grcc) and the maximum
stress drop size Aomax (red line, right y-axis). Typical snapshot for final gel configurations at (D) F¥ = 10 and (E) F*¥ = 30,
where ABPs are colored orange, passive particles with local FCC order colored blue, HPC order colored yellow. Other passive
particles, i.e. disordered ones, are not displayed.



Intriguingly, the change in mechanics of the monodis-
perse gels shows a non-monotonic trend: Below F7, the
activated gels become tougher, with higher yield stress,
as shown in Fig. B)7 and enhanced elastic modulus G
(Fig. m(C) blue line, normalized by Grcc). The ductility
of the gel is marginally reduced (Fig. [7{C) red line). As
F?% increases further above F¥, the gel enters a weak-
ening regime, where both the elastic modulus and yield
stress decrease. Meanwhile, it becomes more ductile with
smaller yield stress overshoot and Aop,.x. Similar to the
polydisperse gels, in this regime, the monodisperse gel’s
mechanical response to external loading develops mul-
tiscale features and enhanced dynamical heterogeneity
since the gel expands and significantly changes its pore
structure. Local clusters of crystallites are no longer
good predictors for the global stress relaxation mecha-
nism, while the globally averaged degree of disorder Sex
is consistent with the enhanced ductility.

We attribute the different trends in mechanical behav-
iors between activated monodisperse and polydisperse
gels to their underlying energy landscapes and different
glass-formation propensity. The polydisperse gels are
prepared at a very stable, deeply annealed state. Un-
der the effect of weak embedded activity, statistically
the system always finds pathways to less stable glassy
states near the current local minimum. In the monodis-
perse gels, nucleation of small crystalline clusters serves
as low energy barrier pathways towards the global min-
imum of a crystal. Hence, even when embedded ABPs
perturb the system weakly, it is both thermodynamically
and kinetically favorable to first enhance local crystalline
order, before a stronger swim force disrupts the gel struc-
ture and expands the total volume significantly. As a
result, below F¥, embedded ABPs reduce the polydis-
perse gel toughness by increasing disorder, but enhance
the monodisperse gel toughness by slightly increasing lo-
cal crystalline order. Above F¥, the gel structure is dis-
rupted with many bonds broken, and the effect of in-
creasing pore volume dominates to continuously weaken
both polydisperse and monodisperse gels, regardless of
the formation of locally ordered clusters.

CONCLUSION AND DISCUSSIONS

In this work we demonstrate the possibility to engineer
the mechanical response and mode of failure of colloidal
gels by doping them with active swimmers of different
activity strength. With a prototypical computer model
of polydisperese colloidal gels doped with Active Brow-
nian Particles, we show that activity dramatically alters
the structure and mechanical response of doped colloidal
materials. By controlling the particle activity protocol,
i.e., on/off timescales, along with the activity strength,
FS, we can enhance the degree of irreversible change and
the dynamical heterogeneities present in the mechani-
cal response and dynamics of the passive colloidal gels.
Through theoretical arguments, we predict that there is a

critical swim force that an active particle needs to break
the bonds between the constituents of the gel. Above this
critical swim force, active swimmers enhance the meso-
scopic degree of disorder by developing larger pore net-
works, and thus lead the structure to undergo a brittle-
to-ductile transition. This scenario is revealed by our
simulations, which show the existence of such a critical
force and that the activity-enhanced porous network soft-
ens the colloidal structure. Such behavior is reflected by
the abrupt decrease of the observed elastic shear modu-
lus and change in degree of disorder, quantified by excess
local entropy and pore connectivity measures.

Recent numerical investigations [54] revealed connec-
tions between the structural disorder of amorphous ma-
terials and their energy landscape via the statistics of lo-
cal energy barriers. In this sense, the embedded activity
allows passive particles to “tunnel” through the energy
barriers. Above the critical swim force F¥, gels become
more porous, with enhanced connectivity. Porosity and
pore connectivity strongly influence the transport prop-
erties of porous media [32, 56], and our results suggest
that active doping can be an effective technique to shape
the pore networks in disordered materials.

This work is motivated, in part, by the use of dense
colloidal materials like cement [30H32], where recent ex-
periments have explored the possibility of embedding mi-
crobes that can endure the salinity and basic environment
in cement paste [57,[58]. Typical manufacturing methods
for cementitious materials (“curing”) involve complex hy-
dration and aging (“hardening”) processes [59] over the
timescale of days. We speculate that our results can be
applicable to such strong materials, yet the timing and
duration to stimulate the embedded active constituents
needs further investigation. The effects are different for
polydisperse and monodisperse disordered gels, reflecting
their different underlying energy landscapes. Our inves-
tigation here also provides guidelines for designing recon-
figurable materials. For example, we can identify optimal
F5 | near the critical force F¥ to maximally enhance the
gel ductility in real-time with a minimal weakening of the
elastic modulus. In experiments, such tunability can be
realized via changing the light intensity, or concentration
of fuel chemicals for the active particles. A possible vari-
ation of the protocol is to maintain activity during the
shearing process, which may be a useful tool to control
material response in situ. We hope these results motivate
further work, both in continuum theory on the ductility
of heterogeneous materials and in experiments of active
doped gels in the dense regime.



APPENDIX

Simulation details

The dynamics of the ABPs and gel particles are inte-
grated according to the over-damped Langevin equation

—CU +¢qUy + FE + FF =0,

(F?) =0,
(FE(0)FP(t)) = 2kpT(S(t)1,
dq (4)
E = QB xq,
(@) <o,

(QP(0)Q5(t)) = 26(t)I /7,

where ( is the translational drag coefficient, and q is a
unit vector denoting the orientation of the ABP. Uy =
F?3 /¢ is the free space swim speed, which is 0 for passive
gel particles. U is the particle velocity. FZ is the Brow-
nian force with zero mean and distribution satisfying the
fluctuation-dissipation theorem. FT is the force arising
from particle-particle interactions. Q% is the random an-
gular velocity resulting from random reorientations and
we set T = 2 Tp as the persistent runtime. The simula-
tions are in reduced units: energy is normalized by kgT,
length by average particle diameter a, and timescale by
the Brownian time 75 = (a?/kpT.

The interaction potential between particle & and (3 is

Vo) =Ce[(52) = (52)] @

r

where the potential depth is € = 10 kg7, and n = 20,
m =10, C = 2 (2)ym/(n=m) — 4 The effective size
is the average of the two interacting particle diameters
aap = (@a + ag)/2. For passive-passive pairs, the inter-
action is cut off at r, = 2.50,5. While for either o or
being an ABP, the interaction is cut off at r, = 21/10aaﬂ
and shifted to only retain the repulsive part. The gel
particle diameters are drawn from a uniform distribution
U(0.8,1.2). All ABPs have diameter a4 = 1.0. Each

simulation sample has on average 11000 particles.

Structural characterizations

The pore surface is determined by the a-shape algo-
rithm [60], with a probe sphere radius 0.9, close to the
nearest neighbor distance between gel particles. The lo-
cal excess entropy for each particle « is estimated by the
two-body contribution [53]

R
St~ 85 = =21 [ lga(r)nga(r) = ga(r) + 1 1%
0
)

where p, is the local particle number density averaged
over a sphere of radius R = 5 around particle a. The
integration is cut off at R = 5, where the g, (r) converges
to 1. Including ABPs for computing Sex shows similar
trends, and we focus on the gel Sex because in all the gels
(activated or not), the passive particles’ rearrangements
dominate the stress drops as they constitute the load-
bearing backbone of the gels. The local crystalline order
for the monodisperse gels is identified by the Ackland-
Jones bond angle method [61].

The mean number of contacts per particle N, is defined
by including all repulsive pairs of particles, as well as
attractive pairs whose separation is ri5 < aio + ér. We
show the result for ér = 0.01 in Fig. B. The numeric
value of N, depends on dr, but the trend with increasing
FS is similar, insensitive to the choice of ér.

Characterization of stress avalanches

A stress drop event is defined as a continuous interval
of shear strain where the shear stress monotonically de-
creases. The difference of stress values at the beginning
and the end of this stress drop event, Ao, is denoted as
the stress drop magnitude of this event. We then define
the frequency of such stress drop events as the number
of events per unit amount of incremental strain. For vi-
sual clarity, the v(e) curves in Fig. [B[D) are denoised by
moving average with window size de = 0.5%.
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