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Tuning shear thickening behavior is a longstanding problem in the field of dense suspensions. Acoustic perturba-
tions offer a convenient way to control shear thickening in real time, opening the door to a new class of smart materials.
However, complete control over shear thickening requires a quantitative description for how suspension viscosity varies
under acoustic perturbation. Here, we achieve this goal by experimentally probing suspensions with acoustic perturba-
tions and incorporating their effect on the suspension viscosity into a universal scaling framework where the viscosity
is described by a scaling function, which captures a crossover from the frictionless jamming critical point to a frictional
shear jamming critical point. Our analysis reveals that the effect of acoustic perturbations may be explained by the
introduction of an effective interparticle repulsion whose magnitude is roughly equal to the acoustic energy density.
Furthermore, we show how this scaling framework may be leveraged to produce explicit predictions for the viscosity
of a dense suspension under acoustic perturbation. Our results demonstrate the utility of the scaling framework for
experimentally manipulating shear thickening systems.

I. INTRODUCTION

Many dense colloidal and granular suspensions shear
thicken, exhibiting a viscosity which increases with shear
stress, sometimes quite dramatically1–3. The thickening oc-
curs when interparticle contacts transition from lubricated in-
teractions to frictional interactions4–8. Such suspensions have
found a variety of applications from industrial polishing to
protective fabrics to impact-resistant batteries9–11. However,
shear thickening is also responsible for a litany of engineer-
ing challenges. Shear thickening increases the power required
to mix and transport dense suspensions, and in the most se-
vere cases, can even lead to equipment damage2,12. Therefore
there is an interest in reducing, tuning, and controlling shear
thickening behavior. Many mechanisms exist to reduce shear
thickening by modifying the materials that compose the sus-
pension, for example by reducing the volume fraction of solid
particles or modifying surface properties of the particles13–18.
However, for many practical applications, the material cannot
be modified. In such circumstances, it is desirable to tune the
viscosity with an external control knob.

One way to control shear thickening behavior is by ap-
plying acoustic perturbations. Ultrasound acoustic perturba-
tions have been shown to dethicken and even unjam shear
thickening suspensions19,20. Upon application of the acous-
tic field, the suspension transitions to a lower-viscosity state,
and the viscosity recovers once the field is removed. This
rapid, reversible response allows for tuning of the suspen-
sion’s viscosity in real time. Additionally, unlike other tech-
niques for tuning suspension rheology in real time, such as
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magnetorheology21 and orthogonal shear perturbations22,23,
acoustic perturbations can be easily implemented in var-
ious flow geometries simply by installing a piezoelectric
transducer. These advantages make acoustic perturbations a
promising tool for a wide variety of applications involving
dense suspensions. However, acoustic perturbations remain
poorly understood. There is currently no quantitative descrip-
tion for the magnitude of acoustic dethickening, and the phys-
ical cause of the effect remains elusive.

Although the effect of ultrasound on suspension rheology
has not been widely studied, a somewhat larger body of work
focuses on the effects of low-frequency vibrations in the range
of 10-100 Hz. Low-frequency vibrations have been shown to
fluidize jammed granular suspensions24–28 and dry granular
media29,30. In these experiments, the vibrations are described
by the density of kinetic energy injected into the system. Vi-
brations induce Brownian-like thermal motion of the granular
particles29,31, and it has been proposed that this results in un-
jamming by increasing the rate at which particles escape the
force-bearing network of interparticle contacts26,27,30,32. Re-
cent work has also proposed that this diffusive motion can be
incorporated into rheological modeling as an effective inter-
particle repulsion28. It is unclear how much of this past work
will apply to ultrasound fields, where distinct physical effects
such as cavitation, radiation forces, and acoustic streaming
may occur33–35. Furthermore, the literature on low-frequency
vibrations has focused on jammed suspensions rather than
shear thickening suspensions.

To model the viscosity of a shear thickening suspension
in an external field, a recently-developed universal scaling
framework has emerged as a useful tool. In this framework,
shear thickening is controlled by two jamming critical points:
one frictionless and one frictional. From this perspective, the
viscosity of a shear thickening suspension can be described
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by a crossover scaling function whose argument is a scaling
variable that takes into account the combined contributions of
shear stress and volume fraction. It has been shown that sus-
pensions of cornstarch in glycerol and suspensions of silica
microspheres in glycerol are described by the same scaling
function. This universality is precisely what would be ex-
pected for a traditional universal scaling function of the va-
riety typically derived near critical points in equilibrium sta-
tistical mechanics, leading to the hypothesis that this scaling
function is indeed universal across a wide class of shear thick-
ening suspensions36,37.

Recently, this framework has been extended to incorpo-
rate the effects of orthogonal shear perturbations. Orthogo-
nal shear is a common rheometric technique in which a small
amplitude oscillatory shear is imposed perpendicular to the
primary shear direction38–41. It has been applied to poly-
mer solutions38,42, colloidal gels43,44, glasses45, and solutions
of micelles46,47. In shear thickening suspensions, orthogo-
nal shear perturbations cause dethickening by disrupting the
formation of force chains22. This effect can be incorporated
into the universal scaling framework by a simple modification
to the argument of the scaling function23. Remarkably, this
approach offers a complete quantitative description of shear
thickening suspension rheology under orthogonal shear per-
turbations, so that with only a few measurements in any par-
ticular system, one could map out the entire parameter space.
Inspired by this past work, we seek to incorporate the effect
of acoustic perturbations into the same universal scaling func-
tion.

II. METHODS

Suspensions were prepared from polydisperse aluminosili-
cate ceramic microspheres with a size range of 1−12 µm (Na-
tionwide Protective Coating, Inc.) mixed with glycerol (Ricca
Chemical). Quantities of dry particles and glycerol were mea-
sured by mass in order to estimate the volume fraction of each
sample, taking the density of glycerol to be ρs = 1.26g/mL
and the density of particles to be ρp = 2.4g/mL. Despite the
density mismatch between solvent and particles, sedimenta-
tion was not a significant issue under the conditions used for
measurements (see Supplementary Material for data pertain-
ing to the system’s stability). Suspensions were mixed by
hand, vortexed, and sonicated for 30 minutes immediately be-
fore beginning each experiment.

Measurements were performed on an Anton Paar MCR 702
rheometer with a cone and plate geometry (diameter 50mm,
cone angle 2◦, cone truncation length 211 µm). In order to
prevent the glycerol from absorbing water from the air, the
sample was surrounded by calcium sulfate desiccant (Drierite)
and kept under a plastic enclosure (Fig 1a). Under these con-
ditions, the viscosity of the suspension was stable in time,
varying by less than 15% over the time scale of the experi-
ment (Fig. S2 in the Supplementary Material). Stress sweeps
for each sample demonstrate clear shear thickening behavior
(Fig. 1b).

Acoustic perturbations were applied using a custom bottom

plate geometry (diameter 19mm) with a piezoelectric disk
(APC International, material 841) driven with an AC volt-
age at its thickness mode resonant frequency f = 1.15MHz
(wavelength 1.71mm in glycerol48) to supply acoustic pertur-
bations, as previously described in past work19,20. The ampli-
tude of the perturbation was controlled by the magnitude of
the AC voltage driving the piezo. We quantify the strength
of these perturbations by the acoustic energy density Ua

26,28,
calculated as

Ua =
1
2

ρ0δ
2
a (2π f )2 (1)

where ρ0 is the density of the medium, and δa and f are the
amplitude and frequency of the acoustic oscillations. Ua is
simply the density of kinetic energy transmitted by the acous-
tic field. We take the density of the medium to be the average
density of the solvent and the solid particles ρ0 =

1
2 (ρs +ρp).

We estimate the amplitude of the acoustic oscillations δa =
V d33, where V is the amplitude of the AC voltage attached to
the piezo and d33 is the piezoelectric modulus. For our exper-
iments, V ranged from 0V to 80V and d33 = 3× 10−10 m/V,
resulting in acoustic oscillation amplitudes δa ≤ 24nm. Po-
tential effects arising from the strain and strain rate induced
by the oscillatory motion of the bottom plate are considered
in the Supplementary Material.

During experiments, a constant shear stress σ was applied
via the rheometer, and then acoustic perturbations were ap-
plied for 5.0±0.5 seconds each (the acoustic field was turned
on and off by hand, resulting in some variation in the appli-
cation time). A few representative examples of responses to
acoustic perturbations are shown in Fig. 1c. At the onset of
the acoustic perturbation, the suspension viscosity sharply de-
creased in under 0.1 seconds (the rheometer sampling time).
Following this rapid drop, the viscosity exhibited a short tran-
sient increase before reaching a steady state. The application
period of 5 seconds was chosen to ensure effects from these
transients were minimized.49 When the perturbation was re-
moved, the viscosity showed a rapid increase and a more grad-
ual return to its original value. The system was monitored
manually to ensure the waiting time between measurements
was sufficient for this recovery. To quantify the effect of
these acoustic perturbations, we report the average viscosity
for the period where the perturbations were applied. The vis-
cosity’s dependence on acoustic energy density and applied
shear stress for one volume fraction (φ = 0.52) is shown in
Fig. 1d.

III. RESULTS

We begin by examining the viscosity η of the suspensions
in the absence of an acoustic field (i.e., the data shown in
Fig. 1b). Past work23,36 recognized that the viscosity of a
shear thickening suspension can be related to its volume frac-
tion φ and applied shear stress σ through a Widom-like scal-
ing function50, inspired by the Wyart-Cates model6:
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FIG. 1. Suspensions dethicken under acoustic perturbations. (a)
Schematic of apparatus used to apply acoustic perturbations on the
rheometer. (b) Viscosity η versus shear stress σ for various volume
fractions φ of aluminosilicate microspheres in glycerol. (c) Viscos-
ity versus time for a few example acoustic perturbations, applied on
a suspension with volume fraction φ = 0.61 and under applied shear
stress σ = 911Pa. The color shows the acoustic energy density Ua
of each perturbation. (d) Viscosity versus acoustic energy density
Ua for a volume fraction of φ = 0.52. The applied shear stress σ is
shown by the color.

η(φ ,σ) = (φ0 −φ)−2F

(
C(φ)e−σ∗

0 /σ

φ0 −φ

)
. (2)

Here, F is a crossover scaling function that captures the
transition from frictionless jamming to frictional jamming.
φ0 is the frictionless jamming volume fraction, a material-
dependent parameter related to the shape and size distribu-
tion of the particles. As in the Wyart-Cates model, σ∗

0 is
the shear stress required to overcome interparticle repulsion
and form frictional contacts, and f (σ) = e−σ∗

0 /σ represents
the fraction of interparticle contacts that are frictional rather
than lubricated6. C(φ) is the anisotropy factor, a function of
volume fraction hypothesized to quantify the fraction of in-
terparticle contacts which lie along the compressive axis and
contribute to shear thickening36. Equation 2 identifies two
renormalization group flow directions originating at the fric-
tionless jamming point. One of these directions, φ0 −φ , sim-
ply corresponds to the distance in volume fraction to the fric-
tionless jamming point. The other, C(φ)e−σ∗

0 /σ , corresponds
to the contribution of friction to the viscosity.51

Equation 2 implies that when η(φ0 −φ)2 is plotted against
x = C(φ)e−σ∗

0 /σ/(φ0 − φ), all data across different volume
fractions and shear stresses should collapse onto a single curve

F (x)23,36. We seek such a collapse of the acoustics-free data
by varying the parameters involved in x (C(φ), σ∗

0 , and φ0)
according to a fitting procedure which allows all these param-
eters to vary simultaneously. We further assess the sensitiv-
ity of the data collapse by calculating confidence intervals for
these parameters. A description of the fitting procedure, as
well as a table of fit values with confidence intervals, can be
found in the Supplementary Material. The resulting data col-
lapse along with the best fit F (x) curve are shown in Fig. 2a
and Fig. 2b.

Analysis of the scaling function F (x) shows it is flat for
low values of x, corresponding to the low-stress regime where
the viscosity controlled by the frictionless jamming point6,36,
following η ∼ (φ0−φ)−2. Near xc, corresponding to the high-
stress regime where the viscosity is controlled by the fric-
tional jamming point, F (x) diverges as a power law, F (x)∼
(xc − x)−δ as shown in Fig. 2b. Note that because x contains
a multiplicative factor C(φ), there is an overall scale that may
be chosen for x; we choose this scale so that xc = 1. We find
the value of the exponent δ by fitting a functional form to
F (x) (see Equations S8 and S9 in Supplementary Material)
and find δ = 0.9±0.3. Thus, as x approaches a critical value
xc = 1, the viscosity is controlled by the frictional jamming
point36,52 and follows η ∼ (φJ −φ)−0.9.

The anisotropy factor C(φ) is shown in Fig 2c. C(φ) is
non-monotonic in volume fraction. Previous work23,36,53 has
observed the same non-monotonicity, and attributed it to the
distribution of interparticle contacts: at low volume fractions,
few interparticle contacts form, while at high volume frac-
tions, interparticle contacts form in all directions; at inter-
mediate volume fractions, force chains proliferate along the
maximum compressive axis. We note that, for low volume
fractions, the confidence interval on C(φ) is rather large. This
reflects the fact that low volume fractions correspond to small
values of x. Since F (x) is nearly flat in this region, relatively
large changes in x correspond to very little change in F (x).
Therefore for lower volume fractions, there is a wide range of
C(φ) over which the quality of the data collapse is still quite
good.

Having analyzed the data with no acoustic perturbations
(i.e. acoustic energy density Ua = 0), we now seek a strat-
egy to incorporate the effect of acoustic perturbations into
this framework. When data with acoustic perturbations (i.e.
nonzero Ua) are plotted as η(φ0 − φ)2 versus x, because of
the acoustic dethickening effect, the data no longer collapse,
as shown in Fig. 3a. We hypothesize that the acoustic pertur-
bations induce some additional interparticle repulsive stress
σ∗

a , which could be supplied, for example, by microstreaming
effects54,55 or by a thermal-like interaction arising from diffu-
sive particle motion 28,56. We also conjecture that the acoustic
repulsion adds onto the pre-existing interparticle repulsion, so
that the total repulsive barrier σ∗

total is:

σ
∗
total = σ

∗
0 +σ

∗
a (Ua). (3)

Accordingly, Equation 2 becomes:

η(φ ,σ ,Ua) = (φ0 −φ)−2F

(
C(φ)e−(σ∗

0+σ∗
a (Ua))/σ

φ0 −φ

)
. (4)
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FIG. 2. Shear thickening is a precursor to shear jamming and is
controlled by a crossover scaling function. (a) Viscosity data in the
absence of an acoustic field (Ua = 0) plotted as η(φ0 − φ)2 versus

x = C(φ)e−σ∗
0 /σ

φ0−φ
. As predicted by Equation 2, the data collapse onto a

single curve, F (x), whose shape is approximated by a fitting func-
tion shown as a red line (the functional form is described in the Sup-
plementary Material, see Equations S8 and S9). The inset shows the
part of the scaling function near x = xc = 1, where the scaling func-
tion diverges. (b) η(φ0 − φ)2 versus xc − x, highlighting that F (x)
diverges at xc as F ∼ (xc − x)−δ where δ = 0.9±0.3. (c) C(φ), the
anisotropy factor plotted against volume fraction φ .

As before, we use a least-squares fitting procedure to deter-
mine the values of the parameters φ0, C(φ), σ∗

0 , and σ∗
a (Ua).

This approach produces an excellent collapse of the data
across all volume fractions, shear stresses, and strengths of
acoustic perturbations, as shown in Fig. 3b. The successful
collapse is consistent with the hypothesis that acoustic pertur-
bations provide an additional effective repulsion between par-
ticles that must be overcome by the shear stress to facilitate
frictional interactions that generate thickening.

Finally, we find that the acoustic contribution to the inter-
particle repulsive stress σ∗

a (Ua) is approximately equal to the
acoustic energy density, that is, σ∗

a ∼ Ua (see Fig. 3c). This
relation, which can be argued from dimensional analysis, is to
be expected for any interparticle interaction driven by acous-
tics. Collectively, these results indicate that acoustic perturba-
tions can be easily folded into the universal framework orga-
nizing thickening transitions.

This scaling framework provides a complete theory for how
changes in the viscosity arise from the combined contribu-
tions of volume fraction, shear stress, and acoustic perturba-
tions. As such it can be used practically to predict the effect
of acoustic perturbations on the viscosity of a shear thicken-
ing suspension. We explicitly generate these predictions from
Equation 4. This calculation requires a functional form for the
scaling function F (x). We infer this functional form by fit-
ting to the shape of the collapsed data (the fitting procedure is
described in the Supplementary Material). The resultant func-
tion is shown as a red line in Fig. 3b. Using this functional
form, along with the parameters discovered in the data col-
lapse procedure, we observe excellent agreement between the
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𝜙0 − 𝜙

𝑥𝑎 =
𝐶 𝜙 𝑒−(𝜎0
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𝜎𝑎
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Values obtained 
via data collapse

FIG. 3. The effect of acoustic perturbations may be incorporated into
a universal scaling framework. (a) η(φ0 −φ)2 plotted against xc − x
before incorporating the effects of acoustic perturbations. Acous-
tic energy density Ua is shown by the color bar. Volume fraction is
shown by symbols (same symbols as Fig. 1b). The viscosity data do
not collapse onto a single curve. Error bars are excluded for visual
clarity. (b) After incorporating the effects of acoustic perturbations
into the scaling variable xa, the data now collapse onto the curve
F (xa). The red line approximates the shape of the scaling function
(the functional form is described in the Supplementary Material, see
Equations S8 and S9). (c) The acoustic contribution σ∗

a to the in-
terparticle repulsive stress versus acoustic energy density Ua. The
circles are the values that produce the best collapse of the viscosity
data, and the dotted line is σ∗

a =Ua.

predictions of Equation 4 and the experimental dataset, as can
be seen in Fig. 4.

IV. DISCUSSION

We find that the effect of acoustic perturbations can be in-
corporated into a universal scaling framework for shear thick-
ening by simply modifying σ∗ to account for an additional
effective interparticle repulsive barrier. Therefore we pro-
pose that suspensions dethicken under acoustic perturbation
because the acoustic field induces a stronger interparticle re-
pulsion, causing some particles to switch from frictional con-
tact to a lubricated interaction, thereby facilitating flow and
lowering the viscosity. Furthermore, we find that the addi-
tional repulsive stress σ∗

a induced by the acoustic perturbation
is nearly equal to the average acoustic energy density Ua.

It is interesting to speculate about possible underlying
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𝑈𝑎 = 0 Pa 𝑈𝑎 = 0.43 Pa

𝑈𝑎 = 6.88 Pa 𝑈𝑎 = 27.5 Pa

Volume 
fraction 𝜙

ba

c d

FIG. 4. Comparison between experimental measurements (symbols)
and predictions of the scaling framework (lines) for suspension vis-
cosity η as a function of volume fraction φ , shear stress σ , plotted
for various values of the acoustic energy density Ua : (a) Ua = 0, (b)
Ua = 0.43Pa, (c) Ua = 6.88Pa, and (d) Ua = 27.5Pa. Results for
other acoustic energy densities can be found in the Supplementary
Material.

mechanisms that provide this effective interparticle repulsion.
First, we note the similarity of our result to an earlier study by
Garat et al. which found that lower-frequency (10-50 Hz) vi-
brations can unjam dense suspensions by supplying an effec-
tive interparticle repulsive stress28. Garat et al. attributed this
repulsion to effective Brownian-like forces arising from diffu-
sive motion, which has been observed in vibrated dry granular
media29,31. This Brownian-like repulsion scales with the ki-
netic energy injected by vibrations, which is consistent with
our finding that the acoustically-induced repulsion scales with
the acoustic energy density. If the effective repulsion we ob-
serve can also be attributed to diffusive motion of the parti-
cles, it would unify under a single mechanism the unjamming
and dethickening effect of mechanical vibrations across five
orders of magnitude in frequency.

At the ultrasound frequencies we study, other possible
physical mechanisms may also contribute to this effective re-
pulsion. One possibility is microstreaming, the creation of
vortical flows near the particle surface, which is known to give
rise to pairwise interparticle forces54. The magnitude of these
forces is on the order of F ∼ UaR2, with R being the parti-
cle radius54. The corresponding stress over the surface of a
particle is on the order of σ ∼ F/R2 ∼ Ua. Thus the inter-
particle stresses arising from microstreaming are expected to
scale with Ua, consistent with our data. Microstreaming inter-
actions may be attractive or repulsive depending on the Stokes
number Ω = (2π f )R2ρs/ηs where ρs and ηs are the density
and viscosity of the solvent. For our system, which includes
a range of particle sizes, Ω ranges from roughly 0.01 to 2.

Over this range of Ω, microstreaming is expected to induce
attraction in the axial direction, repulsion in the transverse di-
rection, and a torque which tends to rotate pairs of particles
towards the transverse direction. Therefore, one can imag-
ine that the acoustically-induced two-particle torque causes
an excess of particle pairs oriented in the transverse direction,
where they experience a repulsive interaction. Of course, in
dense suspensions, multi-particle interactions will likely com-
plicate this picture. However, complex microscopic interac-
tions often give rise to surprisingly simple emergent behavior
in dense suspensions.

The scaling model we present describes the effect of an
acoustic field on our suspensions’ viscosity as a simple mod-
ification to the numerator of the scaling variable, which has
been interpreted as one of the relevant renormalization group
flow directions. The suspension viscosity is therefore de-
scribed by the same scaling function F before and after the
perturbation, and the acoustic field shifts the location of the
shear jamming transition, but otherwise does not alter the crit-
ical behavior. We note, however, that this theory is specific
to the suspension’s steady state response to the acoustic field
under constant shear stress. Under more complex rheologi-
cal protocols, acoustically perturbed suspensions exhibit rich
dynamic and history-dependent behavior, particularly in the
dense regime. For example, in shear jamming suspensions,
the application of acoustic perturbations in the flowing state
leads to microstructural changes that are “locked in" after the
acoustic field is removed and the system jams20. Future re-
search could seek to describe such behavior by drawing on
the theory of dynamic critical phenomena57,58 as well as the
vast literature on memory formation in granular systems59.

Finally, we have shown that our scaling framework has
practical value as a model for the effect of acoustic perturba-
tions; we have demonstrated this explicitly by generating pre-
dictions for the suspension viscosity at different acoustic en-
ergy densities. Because this framework is based on a univer-
sal scaling function F , it is likely that this framework could
be used for a broad class of shear thickening suspensions un-
der acoustic perturbation. One would simply require a few
initial measurements of η(φ ,σ ,Ua) to characterize particular
system-specific details: the analysis in Section III must be fol-
lowed to obtain the non-universal quantities φ0, C(φ), σ∗

0 , and
σ∗

a (Ua). Then, Equation 4 provides a complete description
of the rheology with or without acoustics. Thus, our analysis
serves as a blueprint for characterizing the effect of acoustic
perturbations on any dense suspension, resulting in a quantita-
tive model which can be used to calculate the acoustic energy
density required to accomplish a given target viscosity. This
capability is an important step on the path to fluid metamate-
rials with tunable viscosities.

SUPPLEMENTARY MATERIAL

The Supplementary Material contains additional informa-
tion about the experiments and analysis, including the size
distribution of the microspheres, the main sources of statisti-
cal error, additional characterization of the acoustic field, and
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a description of the least-squares fitting procedure used to pro-
duce the data collapses in Fig. 2 and Fig. 3. We have also
included the complete viscosity dataset used in our analysis,
and a comparison with the predictions of the scaling frame-
work for data points not shown in Fig. 4. Furthermore, the
Supplementary Material includes some derivations pertaining
to the critical scaling of the viscosity and the underlying renor-
malization group flow equations. There is also a discussion on
the universality of the viscosity scaling function.
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