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ABSTRACT

Flow-induced self-assembly (FISA) is the phenomena of particle chaining in viscoelastic fluids while experiencing shear flow. FISA has a large
number of applications across many fields including materials science, food processing, and biomedical engineering. Nonetheless, this phe-
nomena is currently not fully understood and little has been done in literature so far to investigate the possible effects of the shear-induced
elastic instability. In this work, a bespoke cone and plate shear cell is used to provide new insights on the FISA dynamics. In particular, we
have fine-tuned the applied shear rates to investigate the chaining phenomenon of micrometer-sized spherical particles suspended into a vis-
coelastic fluid characterized by a distinct onset of elastic instability. This has allowed us to reveal three phenomena never reported in literature
before, i.e.,: (I) the onset of the elastic instability is strongly correlated with an enhancement of FISA; (II) particle chains break apart when a
constant shear is applied for “sufficiently” long-time (i.e., much longer than the fluids’ longest relaxation time). This latter point correlates
well with the outcomes of parallel superposition shear measurements, which (III) reveal a fading of the elastic component of the suspending
fluid during continuous shear flows.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0182175

INTRODUCTION

Flow-induced self-assembly (FISA) of single particles into long
chains while subjected to shear flow is a phenomenon that has been
discussed at length since its first description in the 1977 paper by
Michele et al.1 FISA phenomena occur frequently across a variety of
applications, e.g., (i) in materials science, it is well documented that the
inclusion of micro- and nano-particles in polymer melts can greatly
enhance the final mechanical properties of products;2 (ii) in food proc-
essing, the addition of soft microspheres or microgel droplets can be
used to encapsulate phytonutrients for targeted delivery in the gut;3

and (iii) in microfluidics, particle alignment is often required to
enhance processes such as counting, analysis and separation.4–9

Currently, the exact mechanism that causes micro-particles to
align in simple shear flow is unclear, and the focus of the debate
between different schools of thought is mainly on the relative contribu-
tion to the driving force governing the phenomena by the elastic and
the viscous forces generated during flow, due to the viscoelastic nature
of complex fluids. It follows that, most of the arguments have been

developed around the relative value assumed by theWeissenberg num-
ber (Wi), which is a dimensionless parameter used in rheology studies
to describe the ratio between the elastic and the viscous forces. For a
general overview of the field, an up-to-date review has been masterly
drawn by D’Avino andMaffettone,10 whose highlights are summarized
hereafter for the convenience of the reader. The aforementioned work
by Michele et al.1 reported for the first time glass beads forming into
long chains and aggregations in a viscoelastic media, under both oscil-
latory and pipe flows; suggesting that (i) the alignment of particles
could be related to the fluid’s normal stresses (a measure of the fluid’s
elastic character) and that (ii) a critical Weissenberg value of 10 is nec-
essary for the alignment to occur. Subsequent studies by Petit and
Noetinger,11 and Lyon et al.12 further corroborated Michele’s observa-
tion in the case of string formation. Conversely, a more recent study
by Won and Kim13 suggests that the shear-thinning nature of the sus-
pension fluid is the driving force for FISA, while normal stresses facili-
tate migration. Furthermore, Scirocco et al.14 found that a critical
Weissenberg number (as low as 1) is not solely responsible for string
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formation as they observed no alignment in Boger fluids (i.e., a visco-
elastic fluid with a constant viscosity value). Interestingly, by varying
the gap distance between their parallel plate flow cell, Scirocco et al.14

also found that FISA is a phenomena that occurs within the bulk of
the fluid, rather than being a wall effect. However, in contrast to these
findings, other studies15,16 observed single particles migration toward
the walls, where they would assemble and form strings in the flow
direction, when suspended in weakly viscoelastic liquids (i.e.,
Wi � 1). Nonetheless, a recent study by Pasquino et al.17 has shown
that FISA occurs in both the bulk of the fluid and at the walls of the
system; thus implying that such phenomenon is a convoluted function
of specific parameters of the system being analyzed, such as fluids’ vis-
coelastic properties and flow cell geometries.

Nevertheless, most of the works cited above, and in general in the
literature, have focused on low Weissenberg numbers (i.e., Wi< 10) in
simple flow cell geometries, whereas little has been done to study FISA
at relatively high Weissenberg numbers (i.e., Wi � 10), where the
shear-induced elastic instability may develop. In this regard, it is worth
to remind that elastic turbulence, first proposed by Groisman and
Steinberg,18 has been observed in microchannel flow19 and in core-
floods,20 and it describes fluctuations in the flow velocity across a broad
range of spatial and temporal frequencies, up to a threshold shear rate,
where a sharp power-law transition occurs.20–22 This transition is identi-
fied by a dimensionless parameter MNorm, as posited by Pakdel and
McKinley21 and Mckinley et al.,22 and further explored in this article for
the case of simple shear flow of a shear thinning fluid, which is made of
a water based solution of a high molecular weight of polyacrylamide.
Interestingly, in a recent study by Howe et al.,20 it has been shown that
the onset of the shear-induced elastic instability of polyacrylamide solu-
tions is very distinct and it is concentration independent, but it scales
with the square of the polymers’molecular weight.

In this work, a bespoke, counter-rotating cone and plate shear
cell has been used to analyze the effects that fluid’s viscoelasticity,
and more specifically the shear-induced elastic instability, has on
FISA. This has been investigated by exploring shear rates that spanned
across the onset of elastic instability of a water based solution of
Polyacrylamide (PAM), whose frequency-dependent viscoelastic mod-
uli have been determined by means of both classical bulk rheology and
microrheology measurements performed with optical tweezers. In
agreement with previous works in the literature, we have observed that
particle chains form in the bulk of the fluid and in the flow direction.
In particular, we show that FISA is significantly enhanced by the onset
of the elastic instability; although, a significant alignment is also
observed at lower shear rates. Moreover, we report evidence of a spon-
taneous reduction in particles’ chain length at relatively long times
(i.e., much longer than the fluids’ longest relaxation time), which is not
associated with particle migration (e.g., sedimentation), but actually to
a shear-induced change of the viscoelastic properties of the suspending
fluid.23 We speculate that these changes may be caused by a shear
induced disentanglement of the polymer chains constituting the visco-
elastic fluid. This thesis is supported by the outcomes of parallel super-
position shear flow measurements, as described below.

MATERIALS AND METHODS
Particle suspension

A dilute solution of particle suspension was prepared by gently
mixing 5:2 lm diameter polystyrene beads (Bangs Laboratories), at a

final concentration of 0.02% w/v, in a water based solution of
Polyacrylamide (PAM—molecular weight 18M, Polysciences Inc.) at a
final concentration of 0.07wt. %. This concentration is circa ten times
higher than the polymer’s entanglement concentration, which has
been estimated to be (i) �0:008 wt. % as obtained via viscometry mea-
surements performed by Howe et al.20 and (ii) �0:007 wt. % as read
from Fig. 6(d) of the work by Tassieri et al.24 reporting a comparison
between the viscosity values measured by means of multiple rheologi-
cal techniques. Additionally, a 97wt. % glycerol/water mixture with
beads concentration of 0.02% w/v was used as a control. This ratio of
glycerol/water mixture was chosen based on the fact that its
Newtonian viscosity of g ¼ 0:765 Pa � s closely approximates the one
of the PAM solution at low frequencies.

Bulk rheology

Bulk rheology measurements were performed with a stress-
controlled rheometer (Netzsch Kinexus Ultraþ), utilizing a roughened
cone and plate geometry (4� cone, 25mm radius plate). All measure-
ments were performed at 20 �C, and prior to a rheological measure-
ment, the sample underwent a pre-shear at 10 s–1 for 3min, to
homogenize the sample and remove any history dependant effects
from the loading procedure. Partially hydrolyzed polyacrylamide
(Flopaam 3630S—molecular weight 18-20MDa, SNF) at a final con-
centration of 0.07wt. % in de-ionized water, without polystyrene
beads, was used for all measurements. Parallel superposition measure-
ments were conducted at constant shear rates of 0.49 and 0.79 s–1. As
the instrument is stress controlled, these shear rates were converted to
stress values utilizing Carreau–Yasuda fitting parameters from flow
curve data. An oscillation stress amplitude of 0.1133Pa was selected
from a dynamic amplitude sweep measurement, lying within the linear
viscoelastic region. The parallel superposition measurement was con-
ducted at a frequency of 0.4Hz, sampling over a duration of 2 h.

Optical tweezers rig

Microrheology measurements were performed by using an OT
system based on a continuous wave, diode pumped solid state (DPSS)
laser (Ventus, Laser Quantum), which provided up to 3W at 1,
064 nm. A nematic liquid crystal spatial light modulator (SLM) (BNS,
XY series 512� 512) was used to create and arrange the desired optical
trap. The laser entered a custom-made inverted microscope that uses a
microscope objective lens (Nikon, 100�, 1.3NA) to both focus the
trapping beam and to image the thermal fluctuations of a 4:74 lm
diameter silica bead (Bangs Laboratories), at room temperature
�20 �C. The sample was mounted on a motorized microscope stage
(ASI, MS-2000). A complementary metal-oxide semiconductor
(CMOS) camera (Dalsa, Genie HM 1024 GigE) acquired high-speed
images of a reduced field-of-view. These images were processed in
real-time at up to �1 kHz to calculate the center of mass of the bead
by using a particle tracking software developed in LabVIEW (National
Instruments), running on a standard desktop PC.25,26

Theoretical background of microrheology with optical
tweezers

Microrheology is an branch of Rheology (the study of the flow of
matter), and it is focused on the characterization of the viscoelastic
properties of complex fluids by using sample volumes in the

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 122017 (2023); doi: 10.1063/5.0182175 35, 122017-2

VC Author(s) 2023

 02 February 2024 15:56:07

pubs.aip.org/aip/phf


micro-liter range, thus making microrheological methods ideal candi-
dates for measuring rare or precious samples, with a clear advantage
over classical bulk rheology approaches that require milliliters of sam-
ple volume. Microrheology techniques are categorized into either “pas-
sive” or “active” depending on whether the tracer particle, suspended
in the target fluid, is driven by thermal fluctuations within the fluid, or
by means of an external force, respectively.

Developed in the 1970s,27 optical tweezers (OT) utilize a mono-
chromatic laser beam, focused through a microscope objective with a
high numerical aperture, to optically trap in three dimensions a micro-
meter sized particle, suspended in a fluid; a schematic representation is
presented in Fig. 2(a). Once trapped, the particle “feels” a harmonic
potential, therefore the restoring force exerted on the particle is linearly
proportional to the distance from the center of the trap, provided the
displacement is within the bead diameter, and it is of the order of a few
lN. In this work, passive microrheology with OT (MOT) has been
used to measure the viscoelastic properties of a PAM solution at a con-
centration of 0.07% wt. The thermal fluctuations of an optically
trapped particle were analyzed by means of the theoretical framework
developed by Tassieri,24,28,29 which is here summarized for conve-
nience of the reader.

The Brownian motion of an optically trapped particle can
uncover the viscoelastic properties of the suspending fluid when its tra-
jectory is analyzed by means of a generalized Langevin equation Eq.
(1)—as first established by Mason and Weitz30 for the case of a freely
diffusing particle—which in this case reads as

m~aðtÞ ¼ ~fRðtÞ �
ðt
0
nðt � sÞ~vðsÞds� j~rðtÞ; (1)

where m is the mass of the particle,~aðtÞ is its acceleration,~vðsÞ is its
velocity, ~rðtÞ is its position, ~fR ðtÞ is the Gaussian white noise term
used for modeling the stochastic forces acting on the particle, and nðtÞ
is the generalized time-dependent memory function accounting for the
viscoelastic nature of the fluid.

As described by Tassieri et al.24,28,29 and Smith et al.31 Eq. (1) can
be solved for the fluid’s complex modulus (G	ðxÞ) via either the
normalized mean squared displacement (NMSD) PðsÞ ¼ hDr2ðsÞi=
2hr2i or the normalized position autocorrelation function (NPAF)
AðsÞ ¼ h~rðtÞ~rðt þ sÞi=hr2i, which are simply related to each another
as

PðsÞ ¼ hDr2ðsÞit0
2hr2ieq:


 h rðt0 þ sÞ � rðt0Þ½ �2it0
2hr2ieq:

¼ 1� AðsÞ; (2)

where s is the lag-time (t � t0) and the brackets h� � �it0 represent an
average over all initial times t0. The fluid’s complex modulus can then
be expressed as

G	ðxÞ 6pa
j

¼ 1

ixP̂ðxÞ � 1
� �


 1

ixÂðxÞ � 1
� ��1


 ÂðxÞ
P̂ðxÞ ; (3)

where G	ðxÞ is a complex number, whose real and imaginary parts
define the elastic [G0ðxÞ] and the viscous [G00ðxÞ] moduli of the fluid,
respectively; a is the particle radius, j is the optical trap stiffness,
P̂ðxÞ and ÂðxÞ are the Fourier transforms of the NMSD and the
NPAF, respectively. To obtain Eq. (3), the inertial term (mx2) present
in the original works32,33 has been here neglected, because for

micrometer-sized particles it only becomes significant at frequencies of
the order of MHz. From Eq. (3) it is a trivial step to derive the complex
viscosity [g	ðxÞ] of the fluid,

jg	ðxÞj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G02ðxÞ þ G002ðxÞp

x
: (4)

Shear cell

The shear cell used in this work had a bespoke cone and plate
design, both of which were transparent allowing the use of an optical
microscope to capture images and the generation of a uniform shear
rate along the diameter of the shear cell. An image and an exploded
schematic representation of the setup is shown in Figs. 1(a) and 1(b).
The shear cell is positioned on top of a microscope stage and is com-
posed of several individual parts including: the 3D printed base, the
shear cell mount, the plate body, and the cone, which slot together cre-
ating a chamber for the fluid being analyzed. As shown in Fig. 1(b),
the base of the shear cell (black) is 3D printed that allows the setup to
fit within the microscope stage and hence accurately position the shear
cell within the optical path of the microscope. The mount for the shear
cell is a ring that screws into the 3D printed base and houses a bearing
around its internal diameter. On this bearing sits the plate body allow-
ing the plate to rotate freely. The plate body also has a bearing on
which the cone body sits. The fluid is applied between the cone and
the plate, which in Fig. 1(b) is schematically represented by the blue
area. The rotation of the cone and the plate was driven by two inde-
pendent stepper motors via two nitrile O-rings as shown in Fig. 1(a).
Motor control was provided by two individual Arduino boards, each
driving an A4988 stepper motor controller, interfaced with a Labview
program that allowed us to control motor speed.

Prior to performing the measurements, a calibration of the rela-
tive speed between the two electric motors and the related cone and
plate geometries was performed. This consisted in varying the rota-
tional frequency of the motors and measuring those of the related
geometries, which was much lower because of the relatively high gear
ratio. The rotational frequency of the driven cone/plate (xc=p) can be
calculated using the Eq. (5), which is based on the diameter ratio
between motor and the cone/plate, dm and dc=p respectively,

xc=p ¼ dm
dc=p

xM ; (5)

where xM is the rotational frequency of the motor shaft and the diam-
eter of the cone and the plate are 60 and 80mm, respectively.

Calibration was measured in three configurations: (i) with either
the cone or the plate stationary, (ii) with both rotating in the same
direction and (iii) with both rotating in opposite directions. The pur-
pose of measuring in each configuration was to make sure that the
rotation of the cone did not influence the rotation of the plate and vice
versa. In each configuration the time required for the cone and the
plate to complete 10 revolutions was measured. The rotational fre-
quency of both the cone and the plate were graphed against the rota-
tional frequency of the motors, shown in Fig. 1(c), and the gradient of
the line is the inverse of the gear ratio.

The shear cell was counter rotated, and the shear rates explored
during the measurements are those reported in Table I, which also
shows the rotational frequency of the cone driving motor (xcM) and
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the plate driving motor (xpM) required to achieve an equal rotational
frequency of the cone and the plate (xc=p) for each of the shear rate
examined,

_c ¼ ðxc þ xpÞ
tan að Þ ’ ðxc þ xpÞ

a
; (6)

where _c is the shear rate and a is the angle of the cone (i.e.,
4:20� 6 0:25�).34,35 The truncation gap of the cone was 125 lm, which
is significantly larger than the polystyrene beads used in the suspension
(diameter of 5:2 lm) and therefore gap effects are negligible.14

The sample, 750ll of 0.07wt. % PAM-bead solution, was
inserted between the cone and the glass coverslip (plate) and then a
constant shear rate was applied for 30min. Images were acquired using
a Teledyne Dalsa Genie camera at 960 fps with an exposure time of
400ls. The high frame rate was achieved by reducing the region of
interest of the camera from 1400� 1024 pixels to 752� 100 pixels.
The window was aligned in the direction of flow, so that chaining
could be observed through the major axis of the window and the focal
plane was positioned in the center of the shear flow, which was kept
constant for each experiment. A Labview program has been developed

to allow us to run the camera at 960 fps, but capture images at set
intervals in milliseconds, thus improving significantly the performance
of the image acquisition and reducing the time taken for analysis. The
acquisition rate of the Labview program was set to 1.2 s for all experi-
ments, thus returning 1500 frames for each measurement; which were
performed in triplicate. Figure 1(d) shows a typical image frame cap-
tured both before and after image processing.

Image analysis was carried out by using custom code, developed
using National Instruments Labview, to automatically process the
acquired images. Each frame was analyzed by first removing the back-
ground of the image, as shown in Fig. 1(d), and then each particle/
chain was identified automatically using functions from the National
Instruments, Vision Development Module, which can discriminate
different objects via their (i) area (as each additional bead in a given
chain increases the object area linearly) and (ii) elongation value
(which regulated the counting of only chains rather than artifacts such
as particles’ agglomerates); thus, allowing us to classify whether an
identified object belonged to a specific chain length (i.e., single bead,
dimer, trimer, tetra or penta). Once classified, the total number of each
chain length per frame was exported into a spreadsheet.

RESULTS AND DISCUSSION
Rheological characterization of a polyacrylamide
solution

The rheological properties of a PAM solution at a concentration
of 0.07wt. % were measured by means of both microrheology mea-
surements performed with optical tweezers and conventional rota-
tional shear rheology, as summarized in Fig. 2(d). In the case of
microrheology, the trajectory of an optically trapped particle was cap-
tured at circa 1 kHz for an extended measurement duration of circa
27min, in compliance to the arguments described in detail by Smith
et al.36 to achieve statistically valid outcomes. The NPAF of the particle
trajectory was analyzed by using i-Rheo MOT,37 an algorithm based

FIG. 1. (a) A picture of the bespoke shear
cell mounted on a microscope stage with
two driving motors. (b) An exploded sche-
matic representation of the shear cell
showing the transparent cone (grey area)
and plate (blue area) geometries. (c)
Calibration curve comparing the rotational
frequency of the cone and the plate
(xc=p) vs the rotational frequency of the
motors (xM). The conversion factor for
the cone and the plate was 0.263 and
0.205, respectively. (d) Example of a typi-
cal frame captured during experiments
and the same image post processing. In
red are the single beads, dimers and one
trimer identified by using the particle track-
ing software developed in LabVIEW
(National Instruments) for this work, run-
ning on a standard desktop PC.

TABLE I. Shear rates and rotational frequencies explored in this work.

_cðs�1Þ xc ðrad s�1Þ xp ðrad s�1Þ xcM ðrad s�1Þ xpM ðrad s�1Þ
27.682 1.025 1.005 3.896 4.901
43.479 1.603 1.584 6.095 7.728
68.403 2.528 2.486 9.613 12.127
107.745 3.983 3.916 15.143 19.101
169.028 6.246 6.144 23.750 29.971
265.690 9.816 9.660 37.322 47.124
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on the analytical method developed by Evans et al.38 for evaluating the
Fourier transform of any generic function, sampled over a finite time
window, without the need for Laplace transforms or fitting functions.
For more detail about the principles underpinning i-Rheo MOT, the
reader is advised to read these Refs. 24, 31, 39, and 40.

The first and the second normal stress differences (N1 and N2,
respectively) for the 0.07wt. % PAM solution are shown in Fig. 2(c).
They are in good agreement with the theoretical predictions of uni-
form shear flow of inelastic hard spheres in dilute regime, for which N1

is expected to be positive and monotonically increasing for higher
shear rates; while, N2 is expected to be negative and monotonically
decreasing for higher shear rates. Additionally, in the inset of Fig. 2(c),
we report the ratio between N1 and the applied shear stress (r), which
shows a plateauing behavior at shear rates close to the onset of the
shear induced elastic instability.

In Fig. 2(d), we report the viscoelastic moduli [G0ðxÞ; G00ðxÞ]
and the complex viscosity [jg	ðxÞjMOT] as obtained by means of MOT
measurements together with the rotational shear viscosity (gBulk)
obtained by using a stress-controlled rheometer. Strikingly, despite the
substantial difference in the nature of the two rheological techniques
employed here, the outcomes of these experimental approaches are in
very good agreement over a range of shear rates/frequencies spanning
�5 decades. Moreover, it is important to highlight that, while at high
shear rates (i.e., _c > 107:75 s–1), bulk rheology measurements reveal
the onset of the elastic instability as inferred by the blue symbols

departing from the Carreau–Yasuda fit (black line) of the flow curve in
a shear thickening behavior; this phenomenon is not revealed by the
complex viscosity curve because of the quiescent nature of MOT mea-
surements. Nonetheless, the viscoelastic moduli reveal the existence of
two characteristic crossover frequencies occurring at (I) circa 0.3 rad/s
and (II) circa 200 rad/s. The inverse of these frequencies provide a
measure of two of the material’s characteristic relaxation times, i.e.,:
the reptation time srep and the entanglement time se, respectively.
These measurable parameters can be used to educe the material’s
Rouse time (sR),

41

sR ¼ se

�
srep
6se

�2=3

ffi 0:12 s; (7)

which, as we shall demonstrate hereafter, correlates very closely with
the instability time20 derived from bulk rheology measurements.

The vertical lines in Fig. 2(d) are the experimental shear rates
investigated by using the cone and plate shear cell (see Table I). These
shear rates span the range of the shear induced elastic instability and
cover its onset, with the aim to provide new insights into FISA under
this condition. At this point it is important to remind that, the onset of
elastic instability has been described by means of a dimensionless
parameter M, first introduced by Pakdel and McKinley21 and
McKinley et al.,22 which is related to both the Weissenberg and the
Deborah numbers of the system under investigation,

FIG. 2. (a) A schematic representation of an optically trapped bead within a harmonic potential, Eð~r Þ, where j is the trap stiffness and~r is the bead position from the trap cen-
ter. (b) The normalized position autocorrelation function (NPAF) vs lag-time (s) calculated using the x coordinate of the trajectory of an optically trapped bead suspended in a
0.07 wt. % PAM solution shown in the inset. (c) The first and the second normal stress differences (N1 and N2, respectively) obtained using a cone and plate and parallel plate
configurations, respectively, vs the shear rate. The inset displays the ratio between N1 and the shear stress (r) vs the shear rate. These measurements have been corrected
for inertia which did not exceed 10% of the signal. (d) The viscoelastic moduli [red lines, G0ðxÞ;G00ðxÞ] and the complex viscosity [green diamond, jg	ðxÞjMOT] as obtained
from the analysis of the NPAF shown in (b). In the same figure the shear viscosity (blue symbols, g) and its fit by means of Carreau–Yasuda model (black line, C–Y) are
reported; g and jg	ðxÞjMOT are plotted vs shear rate (_c) and angular frequency (x), respectively; in compliance to the Cox–Merz rule. The vertical dotted lines represent the
shear rates explored in the shear cell experiments (see Table I).

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 122017 (2023); doi: 10.1063/5.0182175 35, 122017-5

VC Author(s) 2023

 02 February 2024 15:56:07

pubs.aip.org/aip/phf


M ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Wi � De

p
: (8)

This equation has been made explicit in the case of a cone and plate
geometry,20 and here further modified for a counter rotating
configuration,

MNorm ¼ M
Mcrit

¼ kPMðxc þ xpÞffiffiffi
h

p :
1

Mcrit
; (9)

where kPM is a characteristic relaxation time of the viscoelastic fluid,
for which we have adopted the suffix PM for Pakdel–Mckinley21 to
distinguish this time as already done by Howe et al.,20 and Mcrit is the
critical value of M when the flow becomes unstable. Interestingly, a
linear-stability analysis20,21,42 of a cone and plate geometry has shown
that flow instability initiates atM  21:17. Thus, by using this inequal-
ity and the onset of shear induced instability in Fig. 2(d) at 126.5 s–1, it
is possible to determine a characteristic relaxation time kPM of 0.14 s,
which can be associated with the material’s Rouse time as described by
Howe et al.20 and here further corroborated by the value obtained
frommicrorheology measurements with optical tweezers via Eq. (7).

Accumulation of particles

FISA phenomenon can be analyzed by calculating the accumula-
tion of chains, of a given length, over each successive image frame. The
analysis can be thought of as a series of “bins” into which different
chain lengths are added. The number of chains in each bin can easily
be summed over time to produce information on the long time effect
of shear rate on the chaining occurring within the sample. As men-
tioned earlier, the image analysis software separated the particles/
chains identified in each image frame into five different bins, i.e.,: sin-
gles, dimers, trimers, tetras, and pentas. The curves shown in Fig. 3(a)
are the total number of single particles accumulated throughout the
experiment for each imposed shear rate. While, in Fig. 3(b) we report
the accumulation of each chain length for the two extreme shear rates
explored in this work.

From Figs. 3(a) and 3(b) it is clear and expected that the accumu-
lation of particles increases with time. However, it is interesting to
notice that the curves settle into clear “bands” depending on the rela-
tive value ofMNorm. Indeed, from Fig. 3(a) it is apparent that the accu-
mulation curves overlay on each other at relatively low shear rates (i.e.,
for _c � 107:75 s–1 or equivalently forMNorm < 1), but they branch off
at higher ones (i.e., for _c  169:03 s–1 or equivalently forMNorm > 1).
The differences between the curves representing the accumulation of
particles is most apparent for the dark blue symbols in Fig. 3(b), which
are representative of the pentas at the smallest and the largest explored
shear rates, i.e., 27.68 and 265.69 s–1, respectively. Here, the curve at
the largest shear rate (denoted by triangular symbols) has a signifi-
cantly greater accumulation of particles than the one at lowest shear
rate (circle symbols); thus, implying a shear induced enhancement of
the generation of pentas. Interestingly, this phenomenon is better
explicated by the mean rate of accumulation (MROA) of the curves as
reported in Fig. 3(c); which has been determined by normalizing the
mean value of the time derivative of the accumulation curves by its
maximum value. In Fig. 3(c) the MROA is reported against MNorm,
and it can be observed that for single particles the MROA decreases
with increasing MNorm; whereas, for dimers it stays relatively constant
across the same range of explored MNorm. In contrast, the MROA of
the longer chain particles has a relatively low and constant value for

MNorm < 1, with a sharp increase for MNorm > 1. At this point, it is
important to remind that, in these experiments, the total number of
individual polystyrene beads is constant, and therefore as chains of dif-
ferent length start to form, the number of single particles decreases. It
follows that, at low MNorm, particles are not able to form long chains
and the MROA value of single particles is high. While, as the shear
rate increases to a point where the MNorm is greater than 1, the elastic
instability of the PAM solution enhances the chaining, which results in
a significant drop of the MROA value for the single particles, while the
MROA of the trimers, tetras, and pentas increases rapidly.

Relative population of chains

A complementary method to analyze the progression of FISA
within the sample at different shear rates, is by identifying the relative

FIG. 3. (a) Accumulation of particles for a chain length of 1 vs time for shear rates
ranging from 27.68 to 265.69 s–1. Each curve has been down-sampled for easier
identification and the dashed black line indicates a linear growth. (b) Accumulation
of particles for each chain length vs time for shear rates of 27.68 and 265.69 s–1.
As in (a) each curve has been down-sampled for easier identification and the
dashed black line indicates a linear growth. (c) Mean rate of accumulation (MROA),
normalized by the maximum MROA for each particle chain length vs MNorm. The
colors associated with each curve represent a particle chain length as for by the
outline of the single, dimer, trimer, tetra and penta images on the right side. The out-
puts shown in this figure were obtained in triplicate.
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population of each chain length in the image frame. To achieve this,
the percentage of particles was calculated by taking the ratio between
each chain length and the total number of particles identified in each
frame, as shown in Fig. 4.

In particular, in Figs. 4(a) and 4(b) are reported the relative popu-
lation of particle chains for suspensions made with glycerol/water mix-
ture and measured at the two extremes of the range of explored shear
rates (i.e., 27.68 and 265.69 s–1). From these diagrams, it is apparent
that no significant changes occur and that the mean percentage of sin-
gle particles identified in the image frames stays well above 80%;
whereas, for all the other particle chain sizes, it remains well below
20%. Thus confirming that chaining does not occur in Newtonian
fluids. Interestingly, this is not the case of particle suspensions in
the viscoelastic solution employed in this work. Indeed, as shown in
Figs. 4(c)–4(f), there is an initial fall of the mean percentage of single
particles whose magnitude increases with the applied shear rate. This
is followed by a corresponding rise in the mean percentage of longer
chains, all within the first 5min from the start of the experiments.
Then the percentage of single particles begins to climb back to an
almost steady value for the duration of the experiment, which is higher
than 80% forMNorm < 1 and lower than 80% forMNorm > 1. A simi-
lar, but opposite behavior is seen for the longer particle chains, where
an initial increase in their population is observed over the same time-
scale (i.e., 5min), followed by a decrease toward a steady value. One
could argue that, a possible explanation of such dynamic process could
be related to the migration of single particles and chains from/into the
focal plane; however, the complementarity of these processes between
the single particles and the chains (i.e., the decrease/increase in single
particles is complemented by the increase/decrease in the percentage
of dimers, trimers, tetras, and pentas) implies (i) that the total number

of particles is constant during the measurement and (ii) that longer
chain particles are breaking down back to single particles.

Alignment factor

An additional method to analyze the progression of FISA is by
means of the alignment factor (Af), as described by Pasquino et al.,16

which is defined as

Af ¼

XLmax

L¼1

NLL
2

XLmax

L¼1

NLL

; (10)

where L is the chain length and NL is the number of chains of a given
length L in an image frame. As suggested by its name, Af is a measure
of bead alignment in a given image frame and will always have a value
1, where Af¼ 1 is achievable if and only if there were solely single
beads in the image frame. As stated by Pasquino et al.,16 Af bears a
resemblance to the weight average molecular weight of polymer chains
and as such chains of longer length have greater impact on Af.

In Fig. 5(a), we report the alignment factor for the same set of
experiments analyzed earlier in Figs. 3 and 4. From Fig. 5(a), it can be
seen that at relatively short times, all curves show an increase in Af up
to a maximum value, whose amplitude increases proportionally to the
shear rate, while its abscissa is inversely proportional to _c for MNorm

< 1 and remains almost constant for MNorm > 1. After reaching a
maximum, all the curves tend to exponentially decrease toward a
steady-state value at long times. This is the first time in the literature
that such behavior of Af is reported, as it was expected that Af would

FIG. 4. Relative population of particle chains (singles, dimers, trimers, tetras and pentas) vs time. (a) and (b) Particle suspension in glycerol/water mixture at a shear rates of
27.68 and 265.69 s–1, respectively. (C)–(H) PAM solutions at shear rates spanning from 27.68 to 265.69 s–1, with related values reported in Table I, respectively. The shaded
areas are the standard deviation associated with the experimental triplicate and each curve has been smoothed by using a moving average window of 30 s.
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have increased monotonically until a plateau value at long times, as
described by Pasquino et al.16,17 However, it must be said that their
focal plane was positioned at the wall of the shear cell and, therefore,
particle migration15,16 toward the plate continued to supply the area
with new beads. In this work, the focal plane was placed at the center
of the fluid chamber and, therefore, we again posit that the decrease in
Af at long-times may be due to either (i) particle migration away from
the center of the channel (this being a possible explanation that is not
supported by the experimental evidence reported in this work), or
(ii) longer chain particles breaking down to single particles (which is
the thesis we support).

To better understand the temporal behavior of Af, we performed
a best fit of the curves by means of the following asymmetric double
sigmoid function43 (also known as piecewise logistic function),

y ¼ y0 þ A
1

1þ e�
x�xcþw1=2

w2

1� 1

1þ e�
x�xc�w1=2

w3

 !
; (11)

where y0 is the steady state value, A is the amplitude, xc is the peak cen-
ter, w1 is the curve width, and w2 and w3 are shape parameters. For the
fitting curves shown in Fig. 5(a), it was found that w1 ¼ 0 for all fits;
whereas the remaining parameters were different from zero and they
are plotted againstMNorm in Figs. 5(b) and 5(c). From these figures, it
can be seen that y0 is almost constant forMNorm < 1, with a significant
increase for MNorm > 1, whereas the amplitude A shows a progressive
increase with MNorm; although, it could be argued that there is an ini-
tial shallow increase forMNorm< 1 and then a relatively sharp increase
forMNorm > 1. From Fig. 5(c), one will notice that xc (the peak center)
behaves rather erratically when plotted against MNorm. Indeed, it ini-
tially decreases for MNorm < 1 [which corresponds to a reduction in

time for the peak to occur in Figs. 5(a)]; however, asMNorm exceeds 1,
there is first a sharp increase in xc and then it starts decreasing again.
Interestingly, a similar behavior is shown by w2. Finally, w3 is the
“shape parameter” for the curve after its peak, and an increase in its
value would suggest an increase in the characteristic “relaxation time”
of Af. Thus, suggesting that the degradation of the particle chains is
controlled by a different physical process than the one governing the
generation of particle chains.

Overall, the above analysis of the fitting parameters indicates a
clear change in behavior of the particle chaining phenomena asMNorm

exceeds 1 with a sharp enhancement of the chaining that correlates
well with the onset of the elastic instability of the fluid.

Flow induced particle chains break down

Both the analysis of the relative chain length population and the
Af have raised the same question: is the decrease in FISA at long-times
due to the migration of longer chain particles away from the focal
plane or is it due to the breakdown of these same particle chains back
to single particles?

To address this question, we have followed the approach intro-
duced by Mirsepassi et al.,44 whereby one could reveal the existence of
migration during flow by normalizing the change in the number of
particles in each frame (independently on whether they are single or
belonging to chains of different length) to the average number of par-
ticles in each image determined over the entire measurement duration.
In Fig. 5(d), we report the results of such analysis with a moving aver-
age window of 30 s width. Despite the existence of significant fluctua-
tions, all curves fluctuates around a constant value equal to 1, which
suggests that the average number of particles in the bulk of the PAM

FIG. 5. (a) Alignment factor curves (averaged over triplicate) for the explored shear rates, including the two set of measurements performed on the 97% glycerol/water mixture
(Gly) as control (dotted lines). The red dashed lines represent Eq. (11) as fitting function. Notice that, each curve has been smoothed by using a moving average window of
60 s width. (b) The resulting fitting parameters y0 and A of Eq. (11) vs MNorm. (c) The resulting fitting parameters xc (left axis), w2 and w3 (right axis) of Eq. (11) vs MNorm. The
standard deviation of the fitting function is depicted as error bars in (b) and (c). (d) The normalized number of particles vs time, used to analyze the migration of particles away
from the focal plane. Here, each curve has been smoothed by using a moving average window of 30 s width.
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solution does not change during the (30min) measurements; hence, it
is unlikely that the migration of particles out of the focal plane can fully
justify the decrease in Af, although it cannot be fully discarded.
Additionally, the sedimentation time of the particles was considered,
due to the decrease in the 27.68 s–1 PAM curve after �20 min, but no
agglomerates were observed at the bottom of the shear cell after the
experiments, suggesting its influence is insignificant and therefore the
decrease seen in this curve is caused by a yet unknown phenomenon.
These results further corroborate our hypothesis that the reduction in
FISA at long-times is likely to be due to the longer particle chains
breaking down back into shorter chain lengths.

This poses a further question: what would cause the particles
chains to break down? A possible cause would involve the flow
induced disentanglement of the polymer chains, as described by
Vazquez et al.45 This phenomenon would occur on time scales much
longer than the characteristic relaxation time (k) and would produce a
drop in the viscoelastic properties of PAM solutions during shear, thus
dimming the elastic character of the fluid and, therefore, potentially
reversing the particle chaining [as in Fig. 5(a)] by shifting the MNorm

toward values lower than one. Interestingly, this thesis is supported by
the experimental evidence reported in a recent study by Tran and
Clarke,23 where they performed parallel-superposition shear measure-
ments to reveal (i.e., see Fig. 2 of their study) a significant reduction of
the longest characteristic relaxation time of high molecular weight
PAM solutions as function of the imposed shear rate. These results
unveil a shift of the low-frequency crossover of the viscoelastic moduli
toward higher frequencies, which would imply a reduction of the flu-
id’s longest characteristic relaxation time. However, the results
reported by Tran and Clarke23 were recorded at steady state and,
therefore, they do not inform on the dynamics of the above phenome-
non, which one would expect to be potentially correlated with the
characteristic time-scales shown in Fig. 5.

In Fig. 6, we report, for the first time in the literature, an experi-
mental evidence revealing the timescale of the phenomenon described
above. In particular, Fig. 6 shows the normalized viscoelastic moduli vs
time of a PAM solution at concentration of 0.07wt. % as obtained by
two parallel superposition shear measurements performed at shear
rates of 0.49 and 0.79 s–1, respectively. The measurements were per-
formed at a constant frequency of 0.4Hz and the moduli normalized
by their value at time equal to 10 s (i.e., G0

jj=G
0
jjjt¼10 and G0 0

jj=G
0 0
jjjt¼10).

The two lines indicate the values of 16 standard deviation of the vis-
coelastic moduli vs time of the same solution as above, but measured
at zero shear (i.e., as obtained from a time-sweep of a small amplitude
oscillatory measurement); in this case, the moduli were normalized by
their mean values, respectively.

From Fig. 6, it is possible to argue that: (i) there is a significant
reduction over the time of the elastic component of the polymer solu-
tion (i.e., G0

jj / t�1=15), when the fluid is subjected to a continuous
shear rate (thus supporting the thesis of polymers disentanglement);
(ii) the viscous modulus is significantly less affected than the elastic
component (because the polymer concentration and its molecular con-
formation are almost constant during the measurement); (iii) most of
the significant changes of the viscoelastic properties of the solution
occur within the first�20 min of the measurement (as revealed by the
data shown in the inset), which is in very good agreement with the
time-scales of the alignment factor shown in Fig. 5, especially for those
measurements having the same shear rates.

CONCLUSIONS

In this work, we have studied the flow-induced self-assembly
(FISA) of particles suspended into both Newtonian and viscoelastic
fluids. This has been achieved by means of a bespoke shear cell that
has allowed us to monitor the dynamics of the particle chain “genera-
tion” and for the first time in the literature “degradation.” In particular,
the adoption of a viscoelastic fluid characterized by a clear transition
between a shear thinning behavior (i.e., with a decreasing viscosity) at
relatively low frequencies (or equivalently at low shear rates) and a
shear-thickening character (onset of elastic instability) at relatively
high frequencies (or shear rates) and the fine tuning of the applied
shear rates, have allowed us to investigate the particle chaining phe-
nomenon across a MNorm of 1. In particular, this study has led to the
following key findings: (i) we have corroborated that particles sus-
pended into Newtonian fluids do not show FISA enhancement at dif-
ferent shear rates; (ii) FISA within viscoelastic fluids is significantly
greater than in Newtonian fluids, when compared over the same range
of shear rates; (iii) forMNorm higher than 1, the onset of the elastic tur-
bulence of the viscoelastic fluid correlates strongly with the enhance-
ment of FISA; (iv) particle chains break apart when a constant shear is
applied for sufficiently long-time (i.e., much longer than the fluids’ lon-
gest relaxation time). (v) We provide for the first time in the literature
experimental evidence of a significant reduction of the fluid’s elastic
character when a continuous flow is applied for sufficiently long time.
Points (iv) and (v) have been corroborated (via private communica-
tion) by means of computational fluid dynamics simulations kindly
performed by Pier Luca Maffettone and Gaetano D’Avino (data not

FIG. 6. The normalized viscoelastic moduli vs time of a PAM solution at concentra-
tion of 0.07 wt. % as measured by means of two parallel superposition shear mea-
surements performed at shear rates of 0.49 and 0.79 s–1, respectively. The moduli
were measured at a constant frequency of 0.4 Hz and normalized by their value at
time 10 s. The two dashed lines indicate the values of 16 standard deviation of
the viscoelastic moduli (measured at a constant frequency of 0.4 Hz) vs time of the
same solution as above, but at zero shear (i.e., as obtained from a time-sweep of a
small amplitude oscillatory measurement); in this case the moduli were normalized
by their mean values, respectively. The inset shows the averaged ratio of the vis-
cous modulus to that of the elastic modulus minus one for the two set of measure-
ments shown in the main.
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reported here), whose outcomes will be published in a separate
publication.

Finally, we envisage that, in future works, the adoption of imaging
systems with a wider field of view capable of capturing images of the
whole shear cell at higher resolution and acquisition rate, would allow
a deeper understanding of the dynamics of both FISA and chain break-
down phenomena. Moreover, further investigation of the rheological
properties of PAM solutions by means of parallel superposition shear
measurements may elucidate the newly discovered phenomenon of
the reduction of the fluid’s viscoelastic properties when subjected to a
continuous flow for sufficiently long time.
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