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Dense suspension of particles in a liquid exhibit rich, non-Newtonian behaviors such as shear
thickening and shear jamming. Shear thickening is known to be enhanced by increasing the particles’
frictional interactions and also by making their shape more anisotropic. For shear jamming, however,
only the role of interparticle friction has been investigated, while the effect of changing particle
shape has so far not been studied systematically. To address this we here synthesize smooth silica
particles and design the particle surface chemistry to generate strong frictional interactions such that
dense, aqueous suspensions of spheres exhibit pronounced shear jamming. We then vary particle
aspect ratio from Γ=1 (spheres) to Γ=11 (slender rods), and perform rheological measurements
to determine the effect of particle anisotropy on the onset of shear jamming and its precursor,
discontinuous shear thickening. Keeping the frictional interactions fixed, we find that increasing
aspect ratio significantly reduces φm, the minimum particle packing fraction at which shear jamming
can be observed, to values as low φm = 33% for Γ=11. The ability to independently control
particle interactions due to friction and shape anisotropy yields fundamental insights about the
thickening and jamming capabilities of suspensions and provides a framework to rationally design
shear jamming characteristics.

Dense particulate suspensions often display a vari-
ety of non-Newtonian flow properties, including shear
thinning, shear thickening, and reversible, shear-
induced solidification called shear jamming [1, 2].
Shear jamming and discontinuous shear thickening
(DST), where a suspension experiences a discontin-
uous jump in viscosity at a critical shear rate [3], are
both understood to depend heavily on interparticle
friction [4–9]. The prevailing models [10–12] provide
a stress-dependent mechanism that drives these phe-
nomena: at low applied shear, most particles in the
suspension are lubricated by solvent layers, thus only
weak thickening is observed. As more particles are
added the frictionless jamming packing fraction φ0
governs the onset of rigidity. At high applied shear,
a large fraction of particles are forced into close prox-
imity, such that the lubrication layer ruptures or is
reduced to molecular length-scales, at which point the
continuum models describing lubrication break down.
As a result, particles are effectively in direct contact
and experience friction. In the presence of frictional
interactions, jamming can now occur at a minimum
jamming packing fraction φm less than φ0. In this
way, a suspension that is fluid-like at rest or low ap-
plied shear, i.e., has a packing fraction φ < φ0, can
be sheared into a jammed state as long as φ > φm.
In other words, shear jamming can be observed for
any φ such that φ0 > φ > φm. In contrast to shear-
induced aggregation [13], the stress dependence of the
frictional interactions means that shear jamming is re-
versible [14, 15]: when the applied stress is removed,
the suspension relaxes back to the fluid state.

Shear thickening and shear jamming make dense
suspensions not only challenging for industrial pro-
cessing but also of particular interest for protective
wear applications that rely on the material’s unique
dynamic response [16–20]. In all these cases, it is
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highly desirable to control the onset of thickening or
jamming, which involves an understanding of how the
key parameters φ0 and φm depend on particle-level
properties such as interparticle friction and particle
shape. On geometric grounds, we can expect that in-
creasing the particles’ aspect ratio by elongating them
into rods will increase the number of (frictionless) con-
tacts with neighboring particles and therefore reduce
φ0. This is borne out by prior work on rod-shaped
colloids [21] and dry granular materials [22], which in-
vestigated the limit of low applied stress up to yield-
ing or the shear thinning regime just beyond yielding.
In their sheared state, however, rod-like particles will
tend to align and a priori it is not clear whether shear
thickening will be enhanced or diminished as parti-
cle aspect ratio increases. Nevertheless, increasing as-
pect ratio has been found to lower the particle concen-
tration at which shear thickening becomes observable
[23–25]. Still, as far as control over the shear jamming
regime is concerned, the understanding of the inter-
play of particle friction and shape remains very much
incomplete. In particular, while strong frictional in-
teractions appear to be required in order to observe
shear jamming across an appreciable packing fraction
interval [φm, φ0], how particle shape can affect φm has
not been investigated in either simulations or experi-
ments.

Here we report on experiments that aim to disen-
tangle the effects of friction and anisotropic particle
shape. We recently demonstrated that the high de-
gree of friction required for suspension shear jamming
can be introduced through the interparticle hydrogen
bonding capacity [26]. This allows us to intentionally
design shear jamming behavior into a model system
where shape can be altered by changing the particle
synthesis conditions, while fixing the surface chem-
istry to insure that particles retain the same frictional
interactions.

We employ an emulsion-based synthesis of silica
rods [27]. This synthesis results in bullet-shaped rods
of ∼250 nm diameter and controllable length, In aque-
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FIG. 1: SEM images and characterization for AR1, AR8 and AR11 particle systems. A. AR1 spheres (scale bar indicates
1 µm), B. AR8 rods, and C. AR11 rods. The scale bar in A. applies to subplots A-C. D. Diameter distribution for AR1
spheres. E. Aspect ratio distribution for AR8 rods and AR11 rods. The mean aspect ratio for each system is stated in
parentheses.

ous solvents the silanol (Si-OH) surface groups enable
strong frictional interactions via particle-particle hy-
drogen bonding [26]. Particle sizes and shapes are
characterized by scanning electron microscopy and im-
age analysis. Here we discuss results for three char-
acteristic systems, each with a different aspect ratio
Γ (length-to-diameter): Γ ≈ 1 spheres (AR1), Γ ≈ 8
rods of average length 2.0 µm (AR8), and Γ ≈ 11 rods
of average length 2.8 µm (AR11), shown in Figure 1.
Above an aspect ratio of roughly 11, this synthesis
produces irregularly shaped or wavey rods [27].

We perform stress-controlled rheological measure-
ments on suspensions of these particles. Lack of hys-
teresis between increasing and decreasing stress ramps
was used to determine shear protocols and ensure a
steady state had been adequately established. In all
cases, the suspending solvent was 70% glycerol in wa-
ter (v/v) with 15 mM NaCl. This solvent was se-
lected to elicit suspension shear thickening and en-
sure the flow curves could be well resolved within the
rheometer rate limit, indicated by the gray region in
the lower-right of each plot in Figure 2. The AR1
system of spheres (Fig. 2a) shows mild shear thick-
ening at φ = 35.5% and strong, discontinuous shear
thickening (DST) at φ = 47.6%. Note that a slope
of 1 on log-log plots of viscosity versus stress as in
Fig. 2 implies a vertical, discontinuous jump if the
same data are plotted versus shear rate. Concentrated
packing fractions approaching φ = 50% can be pre-
pared and remain fluid-like. In contrast, the AR8 sys-
tem (Fig. 2b) exhibits mild shear thickening as early

as φ = 28.0%, and strong DST that spans over two
orders of magnitude in viscosity, at only φ = 40.1%.
Following this trend, the AR11 system (Fig. 2c) shows
mild shear thickening at φ = 18.0%, and DST at only
φ = 30.0%. To highlight the significance of this, DST
with spheres typically requires packing fractions in ex-
cess of φ = 50%.

The drastic enhancement of thickening behavior
with aspect ratio at a given packing fraction is in
agreement with prior studies [23–25] and is shown in
Figure 2d by comparing the three systems at φ =
34.1±0.1%. While the AR1 system only very slightly
shear thickens, the AR11 system already shows DST.

We now analyze the flow curves in Fig. 2 to extract
the stress-dependent jamming packing fractions as a
function of aspect ratio. To do this, we follow prior
work [10, 11, 28] and employ a Krieger-Dougherty-
type relation [29] between suspension viscosity and
packing fraction

ηr = (1 − φ

φJ
)−β , (1)

where ηr is the suspension viscosity rescaled by
the suspending solvent’s viscosity, φJ is the jamming
packing fraction of interest: φ0 in the frictionless low-
shear limit or φm in the frictional high-shear limit.
The exponent β is a fitting parameter that is gener-
ally taken to be ≈ 2 [11, 28, 30, 31].

We identify φ0 as the particle concentration at
which the low-shear Newtonian viscosity (taken to be
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FIG. 2: Rheological flow curves for A. spheres (AR1), B. aspect ratio 8 rods (AR8), and C. aspect ratio 11 rods (AR11),
at various packing fractions φ (%) in 70% aqueous glycerol (v/v) with 15 mM NaCl. The dashed black line indicates the
suspending solvent viscosity. Gray shaded regions indicate the rheometer’s rate limit. Gray icons indicate the relative
difference in aspect ratio (to scale) among the systems. D. Comparison of flow curves at φ=34.1 ± 0.1%, highlighting
the enhancement of shear thickening with increasing aspect ratio.

the minimum viscosity if shear thinning is present) di-
verges as a function of packing fraction. From graphs
as in Fig. 3a, where we plot ηr

−1/β as a function of φ,
we can read off φ0 as the intercept with the horizontal
axis. Using β = 2 as the value that best linearized
the data in such plot, this leads to φ0(AR1) = 55.7%.
Upon increasing the aspect ratio of the particles eight-
fold, this decreases to φ0(AR8) = 50.6%. Increasing
aspect ratio further to 11 decreases φ0 again by nearly
5 points, to φ0(AR11) = 45.2%.

Similarly, we use Equation 1 to extract the fric-
tional jamming packing fraction φm by considering the
high-shear viscosity at the upper end of shear thicken-
ing (3b), taking the maximum viscosity. In this case,
β = 1.8 best linearized the data. For some of the
highest packing fractions the suspensions were so eas-
ily driven into the shear jammed state that it was ex-
perimentally unclear if shear jamming, together with
slip, occurred already just beyond the viscosity mini-
mum (note that a solid-like, fully shear jammed state
cannot be probed reliably with a steady-state viscos-
ity measurement [28, 32]. Therefore, to obtain φm via
extrapolation we only use data for φ(AR1) < 45.3%,
φ(AR8) < 38.0%, and φ(AR11) < 30.0%. As the as-
pect ratio Γ increases from 1 to 8 to 11, φm is found
to decrease from 48.8% to 38.6% to 32.8%, respec-
tively. This large reduction by 16 percentage points in
φm from changing particle anisotropy stands in stark

contrast to the small, ∼1% shift in φm observed when
the effective, hydrogen-bonding-induced interparticle
friction was changed by a factor 2 [26].

The packing fraction range over which shear jam-
ming is observable is given by the interval from φm
to φ0. Figure 3c shows that this range nearly dou-
bles as the aspect ratio Γ is increased from 1 to 8. A
further increase from 8 to 11 delivers only a modest
enhancement.

To show these changes with aspect ratio more di-
rectly, we construct state diagrams that delineate the
regimes for discontinuous shear thickening (DST) and
shear jamming (SJ) as a function of packing fraction
φ and applied shear stress τ . We base these diagrams
on the model by Wyart and Cates [10], assuming in-
finitely hard particles and taking as input parameters
the values of φm and φ0, obtained from Fig. 3, as well
as the characteristic stress τ∗ at which the lubrication
layers between particles break down and frictional in-
teractions switch on. This stress value is obtained by
quantitatively matching flow curves predicted by the
Wyart-Cates model with data from Fig. 2, as was
done in Ref. [24]. In these state diagrams, shown
in Fig.4, φ0 is the left boundary of the regime (grey)
where jamming occurs in the absence of shear simply
by increasing particle density, while φm is the leftmost
boundary of the SJ regime (green). The DST regime
is indicated by the red color.
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FIG. 3: A. Rescaled minimum low-shear viscosities as a
function of packing fraction, enabling the determination of
the frictionless jamming point φ0 from linear least squares
analysis. B. Rescaled maximum high-shear viscosities as a
function of packing fraction, enabling the determination of
the frictional jamming point φm from linear least squares
analysis. In both A and B the exponent β was chosen to
optimize the fit for all three curves. C. Dependence of the
shear jamming packing fraction range, φ0−φm, on particle
aspect ratio.

In many suspensions of spherical particles that ex-
hibit pronounced DST, an SJ regime is not readily
observed [26]. This is either because the frictional in-
teractions are weak, so that φm is extremely close to
φ0 and it becomes difficult to prepare a suspension
that is not already jammed a rest, or because τ∗ is
so large that the stress required for SJ at any concen-
tration φ less than φ0 becomes prohibitive. As Fig. 4
shows, the frictional interactions produced via the sur-
face functionalization of the particles in this work, by
contrast, generate a wide packing fraction interval for
SJ already at aspect ratio Γ=1. Referring back to the
flow curves in Fig. 2 we note that, beyond increasing

AR11 AR8 AR1

FIG. 4: State diagrams for the AR11, AR8, and AR1 sys-
tems, showing regions that exhibit DST (red), shear jam-
ming (green), or jammed-at-rest (gray) behavior.

the effective friction via short-range, stress-dependent
hydrogen bonding, this surface functionalization does
not also introduce significant longer-ranged attractive
forces, which would have led to large yield stresses and
a pronounced shear thinning regime [25, 33].

The state diagrams highlight that increasing Γ not
only shifts φ0 and φm to lower values and enlarges the
packing fraction range for DST and SJ, but also low-
ers the shear stress required to enter the DST and SJ
regimes by almost a factor of 10. Since all particles
have the same surface functionalization this clearly
demonstrates the independent role of the aspect ra-
tio and the possibilities this opens up to control the
location and extent of the DST and SJ regimes as a
function of φ and τ . In fact, compared to tuning the
frictional interactions for fixed spherical shape [26],
the effect achievable by changing the aspect ratio Γ is
strikingly large. Interestingly, most of this effect oc-
curs up to Γ=8, while further increase of the aspect
ratio does not appear to reduce the onset stress for SJ
in any significant way and simply shifts the [φm, φ0]
interval to lower values.

These findings provide an important experimental
baseline for extending current models and simulations
of dense suspensions to anisotropic particle shapes.
They also provide new opportunities to design and op-
timize stress-adaptive materials that take advantage
of DST and SJ, as used for example in protective wear
or personal protective equipment that reduce injury
due to impact [16–20]. In such applications, it can
be advantageous to obtain pronounced shear thick-
ening and reversible, jamming-induced solidification
with only a small amount of added particles. As Fig.
4 shows, with Γ=11 this can be achieved at particle
concentrations as low as φ of 30% and 33%, respec-
tively.
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