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Shear driven patterning is seen in many soft matter systems. We use rheology

and optical microscopy to probe the structures formed when we shear a

colloid-polymer mixture containing temperature-sensitive microgel particles.

By increasing the temperature, we can increase the particle attraction and

transition from liquid-like to gel-like behavior. And by applying shear flow to the

sample as the temperature and, hence, state of the system changes, we can

affect the morphology of mesoscopic colloidal clusters. We can produce gels

comprised of fibrous, elongated colloid-dense clusters, or we can form more

isotropic clusters. The rheology is measured and shear-induced flocculation

observed for colloid-polymer systems with different cluster morphologies. At

shear rates high enough to produce elongated clusters but low enough to not

break clusters apart, we observe log-like flocs that are aligned with the vorticity

direction and roll between the parallel plates of our rheometer.
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Introduction

Colloidal suspensions find wide use for their rheological properties and their ability to

assemble into complex structures [1]. With a multitude of routes for colloidal synthesis,

particle sizes large enough for detection with optical methods, and tunable interparticle

interactions, the structure andmechanical properties of colloidal assemblies can be readily

observed, measured, and modified. Therefore, the assembly of colloidal particles has been

probed to, e.g., understand the kinetics of crystal nucleation and growth [2], the

mechanisms of gelation [3], and the fabrication of capsules [4]. Likewise, the rheology

of colloidal suspensions has been used to, e.g., develop theoretical models for non-linear

flow responses [5] and tailor the properties of 3D printer ink [6]. Whether to test

fundamental models of matter or to drive applied research towards product development,

these two aspects of colloids—elementary building blocks of complex assemblies and

rheological modifiers—are often quite entangled [7]. Flow can assist in the assembly of

higher order structures, such as colloidal crystals [8, 9], and the details of a sample’s

microstructure can assist in explaining rheological properties, like shear thinning or

thickening in dense suspensions [10] or how a gel yields and flows [11, 12].

In many colloidal systems, researchers have observed anisotropic shear-induced

structures which align along the vorticity direction. These structures are of great
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interest due to their implications in determining the (potentially

directional dependent) rheology of complex fluids and in

revealing routes to fabricate anisotropic materials. Such

anisotropic shear-induced structures have been studied

experimentally through orthogonal superposition rheology

[13, 14], rheo-scattering experiments [15, 16], and real space

rheo-optical methods [17, 18]. Of the plethora of anisotropic

shear-induced structures observed, a subset feature log-rolling

flocs, whose formation strongly depends on the degree of

confinement. These vorticity-aligned log-rolling flocculated

structures have been observed in emulsions [19]; particle-

loaded polymer blends [20]; carbon nanotube suspensions [21,

22]; carbon black suspensions [23–25]; mud samples [26]; and

other suspensions of attractive particles [27, 28]. A complete

understanding of such log-rolling floc formation is crucial for

applications where complex fluids might flow through confined

geometries (e.g., 3D printing) and for scalable methods of

producing anisotropic materials (e.g., films with anisotropic

conductivity [29, 30]).

A large advance in the understanding of this type of shear-

induced patterning came from the experiments and simulations

performed by Varga et al. in 2019 [27]. The authors

demonstrated that density fluctuations within a sheared and

confined suspension of attractive particles can set up eddies

which, due to hydrodynamic coupling between the particle

aggregates and the boundaries, promote the stable formation

of log-rolling flocs. Further, the authors showed that if the shear

forces are sufficiently large, flocs will break apart and stable

vorticity-aligned log-rolling structures will not form. Whether

the shear force is too large or not depends on the interparticle

attraction, a fact which motivates the use of the Mason number,

Mn, the ratio of the shear force on a particle to the interparticle

force at contact. Stable logs were only observed below a critical

Mason number, Mnc, with Mnc decreasing with increasing

distance between the confining boundaries.

In this work, we explore the log-rolling floc formation in a

colloid-polymer system containing thermoresponsive microgel

colloidal particles using an optical microscope attachment on a

rheometer with a parallel-plate geometry. Using

poly(N-isopropylacrylamide) (pNIPAM) microgel particles

allows us to vary the interparticle attraction in situ by

changing the temperature, a property used in many prior

investigations of colloidal phase behavior and rheology [31–36].

We find that, for our system, the morphology of colloidal

clusters—assemblies of particles on a mesoscopic scale between

that of the particle size (~1 μm) and system size (>150 μm)—is an

important factor influencing log formation. With our

thermoresponsive colloid-polymer system, we can create

colloidal gels comprised of elongated, highly anisotropic

clusters or more isotropic clusters. Gels consisting of more

elongated clusters tend to more readily form log-rolling flocs.

Our work highlights the importance of investigating the impact

of this mesoscopic cluster scale on shear-induced pattern

formation. In many previous studies of colloidal gels, a

cluster-centric view has proven fruitful. For example, past

work has shown that colloidal clusters may determine the

length scale for mechanical energy storage in colloidal gels

[37] with inter-cluster bonds or cluster-cluster connections

governing the elasticity [38–40]. Here, we show that a

perspective which focuses on the mesoscopic cluster scale may

also help elucidate macroscopic pattern formation in attractive

colloidal suspensions.

Materials and methods

Materials

We synthesized pNIPAM microgel particles in a manner

similar to previous syntheses by our group [41, 42] and following

the guidance of previously published protocols [43]. We use

ammonium persulfate (APS, purity 98%),

N-isopropylacrylamide (NIPAM, 97%), and N,N′-
methylenebisacrylamide (BIS, 99%), all used as received from

Sigma Aldrich without purification. We synthesize particles in a

250 mL three necked round bottom flask heated to 80°C and

under nitrogen atmosphere. In 200 mL of deionised water, we

add 3.38 g of NIPAM and 0.15 g of BIS. Once dissolved, this

solution is transferred to the three necked flask. We then add

0.11 g of APS dissolved in 3 ml of deionised water. We let the

reaction run for 4 h with constant stirring with a magnetic stir

bar and continuous bubbling of nitrogen through the solution.

We concentrate the pNIPAM particle solution through

centrifugation. We centrifuge the suspension at 30,000 g for

90 min. The supernatant is removed and fresh deionized

water is added.

We estimate the pNIPAM particle volume fraction by

measuring the viscosity of different particle dilutions using a

Cannon-Ubbelohde dilution viscometer. According to the

Einstein-Bachelor relation, the viscosity of a suspension of

spherical particles relative to that of the suspending medium

is η/η0 � 1 + 2.5ϕwhere ϕ is the effective particle volume fraction

[44]. We found the volume fraction of our stock solution of

concentrated pNIPAM particles to be ϕ ≈ 0.6.

We determine the size of our pNIPAM particles around the

lower critical solution temperature (LCST) using dynamic light

scattering (DLS) measurements taken with a Malvern Zetasizer

NanoZS using a 632.8 nm laser with a detection angle of 173°.

Above the LCST at 34°C, the diameter is 480 ± 30 nm (mean and

standard deviation of four runs on the Zetasizer) and we used a

particle concentration of ϕ< 0.01 such that we do not see signs of

aggregation in our DLS measurements. Below the LCST at 29°C,

the diameter is 840 ± 80 nm. At lower temperatures, the size

measurements from the Zetasizer are less consistent perhaps due

to large polydispersity though follow up measurements are

necessary to quantify this. However, from optical microscopy
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of the particles at room temperature, we believe that their size at

room temperature is approximately 800 nm.

We use xanthan polymer, Ticaxan® Xanthan VI from TIC

Gums, to act as a depletant. Xanthan has been used in previous

colloid-polymer samples to generate fluid-fluid phase separation

or gelation [41, 42, 45]. As reported by the manufacturer, the

molecular weight is in the range of 4–12 × 106 g mol−1. We

prepare a stock solution of xanthan with a concentration of 0.2%

by weight with 0.1 M NaCl (Sigma Aldrich, >99%) and 2 mM

NaN3 (Sigma Aldrich, >99.5%).

We made samples to investigate shear-induced pattern

formation by combining in equal parts our concentrated

pNIPAM stock solution and the 0.2% xanthan solution. This

results in a sample with a pNIPAM microgel particle volume

fraction of 0.3.

Rheology

Rheological measurements are performed on a Discovery

Hybrid Rheometer (DHR-3) from TA Instruments. For all data

included here, we use a parallel plate geometry with a 40-mm-

diameter upper plate and a bottom 1-mm-thick glass plate. The

upper plate is made of stainless steel with a mirror finish to allow

for better image quality when using the attached microscope. We

use TA Instruments’ Upper Heated Plate accessory to vary the

sample temperature between 23°C and 34°C.

We load ~210 μL of our colloid-polymer mixture onto the

rheometer by pipetting the solution onto the center of the bottom

glass plate. The upper plate is slowly lowered while rotating at

0.2 rad/s. The upper plate is lowered until the sample completely

fills the gap which usually results in a gap height of between

150 and 160 μm. To prevent sample evaporation, we seal the edge

of the sample with mineral oil.

Before experimental runs, we try to erase the sample’s shear

and loading history by performing a conditioning step where the

sample is sheared at 1,000 s−1 for 120 s, sheared at −1,000 s−1 for

120 s, and then allowed to equilibrate at rest for 180 s. This

preshearing procedure is similar to ones used in other studies of

shear-induced structuring [24, 25, 27, 28]. For the majority of

experiments we discuss here, we then proceed to heat the sample

from room temperature to 34°C at a rate of 0.5°C/min while

steadily shearing the sample at a rate, _γT↑, between 0 and 15 s−1.

After the sample reaches 34°C, we usually measure the frequency

dependent viscoelastic moduli. We logarithmically sweep the

frequency from 100 to 0.1 rad/s with five points per decade and

with a strain amplitude of 3%. This is followed by a constant

shear rate step where the sample is sheared at a rate _γhold for

30 min and kept at 34°C. Typically, we use the same shear rate

during this step as was used during the heating stage,

i.e., _γT↑ � _γhold. For our samples, if vorticity-aligned log-rolling

flocs form, it is at this step in which they appear. This step with

constant shear rate is then followed by another oscillatory test

using the same parameters as the previous one. The sample is

then returned to 23°C at a rate of 2°C/min while being sheared

with rate _γT↓. The steps described above are then repeated. This

whole procedure where the sample goes from room temperature

to 34°C, is held at 34°C for 30 min at a constant shear rate, and is

then brought back to 23°C typically takes ~75 min. This is usually

repeated up to ~10 times with different shear rates over the

course of a day or overnight. Between each run we perform the

conditioning step described above (returning the sample to room

temperature, shearing at 1,000 s−1 for 120 s, and then

at −1,000 s−1 for 120 s) which allows us to conduct multiple

runs of the same sample without noticeable effects from the

previous run. See the Supplementary Material for a table of the

parameters used in our rheological procedures.

Our rheometer is equipped to counter-rotate the bottom

glass plate which results in a stagnation plane between the

parallel plates. For most of our experimental runs, we do not

enable this counterrotation. However, we occasionally use this

feature to observe the formation of vorticity-aligned flocs without

having such flocs leave the imaging field of view. When this

counterrotation is used, we indicate so in the caption.

Microscopy

We use the modular microscopy accessory from TA

Instruments to image the shear-induced flocculation. For

images included here, we use Nikon objectives with

either 2×, 10×, or 40× magnification (2× 0.1 NA Plan Apo;

10× 0.3 NA Plan Fluor; 40× 0.45 NA ELWD SPlan Fluor). Epi-

illumination is provided by a 470-nm LED (M470L3, Thorlabs).

Images are recorded on an Allied Vision Manta G-033 CCD

camera with a resolution of 656 × 492 pixels at a maximum frame

rate of 88 frames per second. We use the software Micro-

Manager to record image sequences [46].

For macroscopic imaging where we can capture one-quarter

of the 40-mm-diameter geometry, we use a macro lens attached

to a 1,920 × 1,200 pixel CCD camera (Imaging Source, DMK

33UX174). Images are typically recorded at five frames per

second. We illuminate the sample with a dual gooseneck LED

light (AmScope, LED-14M).

Results and discussion

We prepare aqueous solutions of pNIPAMmicrogel particles

and xanthan which exhibit temperature-dependent structural

and mechanical properties. This colloid-polymer mixture

shows gel-like behavior at room temperature as observed with

optical microscopy (Figure 1A) and rheology (Figure 1B;

Supplementary Figure S1). This behavior is due to the

depletion attraction between the pNIPAM particles mediated

by the xanthan polymers.
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When sheared at room temperature (23°C) between parallel

plates (40 mm diameter, ~150 μm gap size), we observe colloid-

rich domains aligning along the flow direction. At room

temperature, we never observe vorticity-aligned flocs for any

of the shear rates we used, 0.5 s−1–15 s−1. This may be due to the

fact that even at the lowest shear rate in this range, the shear

forces acting on a particle are too large compared to the

interparticle depletion attraction for stable vorticity-aligned

logs to form.

We next explore if shear-induced patterning is seen at

temperatures above pNIPAM’s lower critical solution

temperature (LCST) of about 32°C–33°C. Above this

temperature, pNIPAM particles become more hydrophobic

with an increased interparticle attraction. As the temperature

of our sample increases from room temperature to 34°C, the

interparticle attraction varies in a non-trivial way. As the

temperature increases while remaining below the LCST, the

pNIPAM particles decrease in size. This reduces the volume

fraction of pNIPAM particles and reduces the strength of the

depletion attraction. A quantitative picture of how the pNIPAM

interparticle attraction varies as a function of temperature in the

presence of a depletant is beyond the scope of this work (though

the rich phenomena that similar pNIPAM-containing systems

exhibit have been investigated previously by our lab [41] and by

others [47]). However, we do see the effect of this change in

interparticle attraction in Figure 1B. The storage and loss moduli,

G′ and G″, are measured as a function of temperature at a

frequency of ω �10 rad/s with a strain amplitude of γ � 3%. We

observe that G′ and G″ decrease with temperature and that while

G′>G″ for lower temperatures, at around 31°C we observe more

liquid-like behavior with G′<G″. We conjecture that this

decrease in G′ with increasing temperature and the transition

FIGURE 1
(A) At room temperature, the colloid-polymer mixture forms a weak gel as observed with a brightfield microscope using a 60× objective lens.
(B) As measured with a DHR-3 instrument using a parallel-plate geometry, the storage (G′, solid symbols) and loss (G″, open symbols) moduli vary
with temperature. The moduli were obtained using a frequency of ω � 10 rad/s with an amplitude of γ0 � 3%. (C) The DHR-3 used for collecting
rheology and rheo-microscopy data is shown. The instrument is outfitted with a temperature-controlled upper plate and a bottom glass plate
under which a microscope is placed. (D) A view from underneath the parallel-plate geometry shows a 2× microscope objective placed below the
bottom glass plate. The sample shows shear-induced patterning as thin white structures oriented radially outward (in the vorticity direction) can be
observed. (E) An image of the colloid-polymer mixture in the parallel-plate geometry after the sample was heated from 23°C to 34°C at a rate of
0.5°C/min. During this temperature ramp, the samplewas sheared at a constant rate of _γT↑ � 5 s−1. This imagewas taken immediately after the sample
first reached 34°C. (F) For the same sample shown in (E), we continue applying a constant shear at a rate _γhold � 5 s−1 while the temperature was held
at 34°C. This image shows vorticity-aligned flocs have formed at t � 540 s into this step of constant applied shear rate and constant temperature. The
vertical axis of the image is along the flow direction and the horizontal axis is along the vorticity direction. (G) During this period of constant shear
described in (F), we measure the stress over time. Increases in the stress coincide with the formation of vorticity-aligned log-like flocs as seen by the
uptick in stress at around 500 s which coincides with when the logs seen in (F) begin to form.
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from gel-like to liquid-like behavior is due to the decreasing

volume fraction of pNIPAM particles and decreasing depletion

attraction. Above 33°C, we observe a stiffer colloidal gel with G′
returning to being larger than G″. The frequency dependent

moduli for our colloid-polymer mixture at both 23°C and 34°C is

shown in Supplementary Figure S1. While the pNIPAM particle

volume fraction is larger at room temperature, the interparticle

attraction is greater above the LCST which results in the elastic

moduli being ~2× larger at 34°C than at 23°C.

At this higher temperature of 34°C, we do observe, with our

rheo-optical setup (Figures 1C–F) the formation of vorticity-

aligned flocs similar to what has been observed previously in

other attractive suspensions or soft matter systems (see also

Supplementary Videos S1–S3). The formation of such flocs

coincides with an increase in the shear stress along with more

variability in the stress as seen in Figure 1G. This increase in

stress or viscosity associated with log-rolling floc formation is

consistent with previous work on systems of colloidal rods [28],

carbon black dispersions [24], and nanotube suspensions [21]. If,

after the log-rolling flocs form, we leave the sample undisturbed

at 34°C, then the logs seem to remain intact for at least several

minutes but we have not investigated this thoroughly. However,

if we bring the temperature back down to 23 C, then the

pNIPAM particles will disperse away from the flocs.

Interestingly, we only observe the formation of the kind of

vorticity-aligned flocs seen in Figures 1D,F in certain

circumstances. If, after following the sample conditioning

steps described in the Methods section (i.e., applying a shear

of 1,000 s−1 for 120 s, −1,000 s−1 for 120 s, and allowing the

sample to equilibrate at rest for 180 s), we increase the

temperature to 34°C while the sample is at rest (i.e., no

applied shear) and then, with the sample temperature held at

34°C, apply a steady shear of anywhere between 0.5 and 15 s−1 we

do not observe the formation of flocs. That is, if _γT↑ = 0, then we

observe no vorticity-aligned flocs for any value of _γhold used.

Instead, we observe isotropic aggregates of particles in the

sheared sample which are smaller than the gap size and which

do not appear to flocculate together or change in size or shape

over time, at least as observed with our imaging setup. Further,

we observe that the measured shear stress is steady with time and

does not exhibit large fluctuations as we shear the sample at a

constant rate. This is another indicator of little or no change in

the sample’s structure as it is sheared.

Instead of heating the sample to 34°C while the sample is

quiescent, we also try applying a steady shear to the sample as we

heat it from 23°C to 34°C at 0.5°C/min. That is, we set _γT↑ to a

value greater than zero. In Figure 2A, we show the stress as a

function of temperature during this temperature ramp for a few

different shear rates. For a given shear rate _γT↑, stress initially

decreases with temperature. This is likely due to the decreasing

volume fraction of pNIPAM particles as the particles deswell and

the concomitant reduction of the depletion attraction. The stress

is a minimum at ~33°C, approximately pNIPAM’s LCST. From

FIGURE 2
Shearing the sample as the temperature increases produces
distinctly different cluster morphologies. (A) Samples are sheared
at a constant rate of _γT↑ while the temperature increases from 23°C
to 34°C at a rate of 0.5°C/min. The stress is measured during
this temperature ramp. For all values of the shear rate _γT↑ used, we
observe that the stress decreases as the temperature goes from
room temperature to ~33°C. This is likely due to the decreasing
volume fraction of the pNIPAMmicrogel particles as they decrease
in size with increasing temperature. Above ~33°C, the stress
increases with temperature as the increased hydrophobicity of the
pNIPAM particles leads to stronger interparticle attraction. (B)
Image of the sample immediately after this temperature ramp with
a shear rate of _γT↑ � 1 s−1 taken with a 10× objective lens. (C) Image
of the sample immediately after the temperature rampwith a shear
rate of _γT↑ � 7 s−1. In comparison to (B), the pNIPAM particles have
aggregated into more fibrous and higher aspect ratio clusters.
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33°C to 34°C, the stress increases, likely due to the stronger

interparticle attraction above the LCST. The mesoscopic

structures of our samples at 34°C are distinctly different

depending on the value of this shear rate, _γT↑. After the

sample’s temperature has reached 34°C, colloidal clusters are

slightly elliptical in shape for lower shear rates (e.g., Figure 2B

where _γT↑ � 1 s−1). But for higher _γT↑, clusters take on a fibrous

quality where the clusters are highly elongated (e.g., Figure 2C

where _γT↑ � 7 s−1). See Supplementary Figure S2 for more such

images.

We believe that the shear-rate-dependent shape of clusters

can be understood considering the large body of work on how

fluid droplets deform in shear flow. Though our colloid-polymer

system exhibits gel-like behavior for most of the temperature

range, our rheological (Figure 1B) and imaging (Supplementary

Video S4) data shows liquid-like behavior at temperatures just

below the LCST where colloid-dense and colloid-poor fluids

likely coexist. Studies of flow-induced deformation of droplets

and soft materials date back at least a century with the seminal

work of G. I. Taylor [48, 49]. More recent experimental work on

systems more resembling our own demonstrate that droplets

sheared in confined geometries take on string-like elongated

shapes with aspect ratios that increase with the shear rate [50]

and that fluid-fluid phase separated colloid-polymer systems

exhibit flow-elongated domains with aspect ratios dependent

on the shear rate [51]. In our system, the low contrast between

the colloid-dense regions and the continuous phase at

temperatures below the LCST (given that the swollen

pNIPAM particles are mostly water) make precise

measurements of the shape of colloid-dense regions as a

function of shear rate difficult. Nevertheless, we can use image

autocorrelations to measure the approximate size of colloid-

dense domains in the shear and vorticity directions as a

function of shear rate at a constant temperature of 31°C. As

seen in Supplementary Figure S3, the aspect ratio of these colloid-

dense domains increases with increasing shear rate.

We believe that it is the morphology of the colloid-dense

regions—a property dependent on the shear rate used as the

sample is heated—that largely influences whether vorticity-

aligned flocs form. Of course, as previous work has found,

FIGURE 3
Shear-induced vorticity-aligned floc formation across scales. (A) Using a macro lens to capture a quarter of the parallel-plate geometry
(diameter of 40 mm), we observe samples having undergone a temperature ramp to 34°C with a constant shear rate of _γT↑ � 5 s−1. Images are shown
after the sample has reached 34°C and is being sheared at _γhold � 5 s−1. The time interval between each image in the set of three (i–iii) is 70 s. The first
image (left) was taken seconds after the sample reached 34°C. While here we observe flocs throughout the geometry, we note that in other
cases we observe flocsmainly near the center or near the edges of the geometry. (B) The initial formation of a vorticity-aligned floc is observed using
a 2× objective while the sample is shared at _γhold � 4 s−1 after reading 34°C. The time interval between each image (i–vi) is 11.4 s. Counter-rotating of
the bottom glass plate of the parallel-plate geometry was used to keep the floc in the field of view. Supplementary Video S1 captures this floc
formation. (C) Image of a vorticity-aligned floc formed at 34°C using a shear rate of 4 s−1 taken with a 10× objective. The width of the floc is
approximately equal to the parallel-plate gap height (here, h � 157 μm).
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FIGURE 4
Shear-induced floc formation coincides with increases in the measured stress. (A) The colloid-polymer sample in a parallel-plate geometry is
first heated to 34°C as described while subjected to shear at a rate _γT↑. Following this temperature ramp, the sample is subjected to the same shear
rate _γhold � _γT↑ while being held at 34°C. We measure the stress as a function of time during this 30-min period of constant shear rate and constant
temperature. Depending on the shear rate used, the stress remains relatively flat for the 30 min or shows an uptick with increased fluctuations.
This increase in the stress coincides with floc formation. We observe this indication of floc formation for shear rates of 2–7 s−1. The stress vs. time is
shown for shear rates from0.5 to 15 s−1 with the symbols indicating themean over typically six runs. The shaded areas represent themean ± standard
error across the different runs. (B) Same as (A), but only the data for shear rates of 2, 3, 4, 5, 6, and 7 s−1 are shown. These are the shear rates for which
there is a noticeable increase in the stress with time and where vorticity-aligned logs form. (C) As with (B), we show the same data in (A) but for only
shear rates of 0.5, 1, 8, 9, 10, 11, 12, 13, 14, and 15 s−1. (D) Oscillatory measurements are performed after the temperature ramp to 34°C. During this
temperature ramp, the sample was sheared at _γT↑ . Plotted are the storage (G′, solid symbols) and loss (G″, open symbols) moduli for a frequency of
ω � 1 rad/s and amplitude γ0 � 3% as a function of the preceding shear rate _γT↑ . (E)Oscillatory measurements are performed after the sample is held
at 34°C while subjected to a constant shear rate of _γhold (set to the same value as the preceding _γT↑ used during the temperature ramp) for 30 min. As
in (D), the storage and loss moduli are plotted as a function of _γhold. Outside of the range 2–7 s−1, we observe more liquid-like responses (G′≲G″). (F)

(Continued )
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other factors like gap height, particle volume fraction, and

interparticle attraction also matter, but those factors are not

systematically varied in our present work. We contend that a

consideration of the mesoscale colloidal-cluster morphology

explains why we see the formation of vorticity-aligned flocs

for an intermediate range of shear rates.

For 2 s−1 ≲ _γT↑ � _γhold ≲ 7 s
−1, we observe vorticity-aligned

flocs forming within 30 min of steady shear after the sample

has reached 34 °C. As seen in Figure 3, vorticity-aligned flocs are

easily observed with our rheo-optical setup across a range of

scales. Note that while in Figure 3A, vorticity-aligned flocs are

seen throughout the sample geometry, in other instances, we

observe flocs primarily towards the edges or near the center of the

geometry, as one might expect for a parallel plate geometry where

the shear rate varies with radial distance. The range of

approximately 2 s−1–7 s−1 is where we observe flocs throughout

a large fraction of the geometry. Besides visual observation as

seen in Figures 3A–C, floc formation can also be inferred from

the measured shear stress as a function of time. As seen in Figures

4A–C, for some shear rates we observe that minutes or longer

into the steady shear phase of our procedure there is a marked

increase and fluctuations in the stress. We observe this for shear

rates between 2 and 7 s−1, whereas for shear rates less than 2 s−1 or

greater than 7 s−1, the stress varies little with time and shows no

large fluctuations or increases. The stress is plotted versus time as

logs form in Supplementary Figure S4 as well (see Supplementary

Videos S2, S3 for movies of the floc formation seen in

Supplementary Figure S4A).

Previous studies investigating the formation of vorticity-

aligned flocs have noted an upper bound on the shear rate (a

critical shear rate, _γc) above which such flocs do not form [25,

27, 28]. This critical shear rate depends on the degree of

confinement ( _γc ~ h1.4 from [25, 27]). Our work likewise

shows that if our colloidal system is sheared at too high of a

rate, vorticity-aligned flocs are not observed. We have not yet

explored how this depends on the gap height of our parallel

plate geometry, but for the value h ≈ 150 μm we find that
_γc ≈ 8 s−1.

However, our work also shows that there is a minimum

shear rate below which vorticity-aligned flocs are not seen. We

believe that this is due to how shear is deforming the colloid-

dense mesoscale domains as the temperature increases and the

interparticle interaction goes from a relatively weak depletion-

induced attraction to a stronger hydrophobic attraction. At low

shear rates, mesoscale colloidal clusters deform little due to the

shear forces. At higher shear rates, colloidal clusters stretch out

into high-aspect ratio structures. In comparison to more

isotropic colloidal clusters, elongated clusters will form a

larger number of connections with neighboring clusters. The

fact that anisotropic particles can form a percolating network at

a lower concentration than spherical particles has been shown

in many studies of rod-shaped particles [28, 52]. In the

experiments shown here, the concentration and aspect ratio

of our pNIPAM colloidal particles are constants. But, the aspect

ratios of the shear-deformed clusters do change. And just as

rod-like particles will form space-spanning networks at a lower

volume fraction than isotropic particles [52], elongated clusters

will form more connections with neighboring clusters than

isotropic clusters.

Moreover, the cluster morphology also affects the

mechanical properties. After increasing the temperature

from 23 to 34 °C during which we apply steady shear at a

rate of _γT↑, we perform oscillatory rheological measurements

with the sample held at 34°C. The viscoelastic moduli from

this data are shown in Figure 4D. We find the largest G′ values
are associated with prior shear rates _γT↑ of between 2 and

4 s−1. More work needs to be done to determine why the

colloidal gel loses elasticity as _γT↑ increases beyond 4 s−1.

Though very elongated clusters with a high aspect ratio may

form a greater number of connections with surrounding

clusters, perhaps the thinness of such clusters leads to a

reduced elastic modulus in comparison to networks of

thicker clusters with reduced aspect ratios. Or, perhaps at

the higher shear rates, elongated clusters are quickly broken

apart by shear forces. We also show G′ and G″ measured

immediately after the sample is sheared at _γhold for 30 min at

34°C (before which the sample was sheared at _γT↑ � _γhold
during the temperature ramp to 34°C). As seen in Figures

4A,E, a solid-like mechanical response is observed for the

range of shear rates where vorticity-aligned flocs form.

Further, we show in Figure 4F the ratio of the elastic

moduli after the 30 min of constant shearing and prior

(that is, the ratio of the G′ data in Figure 4E to that in

Figure 4D). For shear rates between about 2 and 7 s−1, this

ratio is greater than one. Therefore, at these shear rates, the

30-min period of constant shearing increases the elastic

moduli. For shear rates lower than 2 s−1 and higher than

7 s−1, the period of constant shear reduced the elastic moduli.

This again corroborates our optical imaging data (Figure 3)

and stress vs. time data (Figures 4A–C) which shows that

FIGURE 4 (Continued)
The ratio of the storagemodulus measured before and after the 30-min hold at 34°C and constant shear rate _γhold (equal to the preceding value
for _γT↑). That is, the ratio ofG′ in (D) and (E). The dotted line corresponds to a ratio of 1. Only for shear rates between 2 and 7 s−1 dowe observe that the
storage modulus increases (ratio > 1) after this 30-min period. The error bars in (D–F), as well as the shaded regions in (A–C), represent the standard
error across multiple runs of different samples (of identical composition) loaded onto the rheometer on different days.
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shear-driven flocculation is occurring for an intermediate

range of shear rates.

Conclusion

Our data suggests that an important factor influencing the

propensity for shear-induced macroscopic patterning in our

samples is the mesoscopic cluster morphology. Prior studies

have shown how the degree of confinement (i.e., gap height),

interparticle attraction, and volume fraction dictate whether

vorticity-aligned log-rolling flocs will form. Our results show

that for systems like ours the structure of the sample on the

cluster scale also matters. A sample comprised of elongated,

fiber-like colloidal clusters seems more likely to form shear-

induced vorticity-aligned flocs than a sample containing

isotropic colloidal clusters. This finding dovetails with recent

work looking at the shear driven patterns of colloidal rod

suspensions [28]. They found that vorticity-aligned flocs

formed for rods at lower volume fractions than for spheres,

due to the lower volume fraction of rods needed to form a

percolating structure. From past work on colloidal rods [52],

one can appreciate how shaping the colloidal clusters into

elongated structures will more readily lead to a well-

connected network if one considers the colloidal clusters as

renormalized particles. In our work, we show how the colloidal

clusters can be shaped using shear flow applied to the sample

when the colloidal particle’s attraction is weak enough to allow

colloid-rich domains to stretch out in the direction of flow.

However, for other systems, control over the cluster

morphology could be achieved by using different external

fields or the interparticle potential [53].

More generally, this work highlights the importance of the

experimental history of a sample. How a colloidal gel’s

rheological properties depend on its shear history

(i.e., rheological hysteresis) has been the subject of much

research [54, 55]. For our thermoresponsive system, both the

shear history and the temperature history are factors in the

rheology and structure. This thermokinematic memory has

been explored in other industrially relevant materials [56] and

relates to recent work probing how temperature changes and the

rate of temperature changes can (potentially in combination with

shear) structure colloidal materials [47, 57–59].

Pattern formation due to flow in colloidal and complex

fluids can be used to manufacture small-scale structures. It can

also be a hinderance when material needs to flow through

confined spaces, such as in 3D printing. Therefore, a complete

understanding of shear driven structuration will help

streamline current processing and potentially lead to new

strategies for tuning soft materials.
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