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We experimentally investigated the role of boundary confinements in shear thickening suspen-
sions. Unexpected rheological responses were observed across multiple length scales under highly
confined geometries. The flow curves were found to equilibrate at very slow rates, and appeared
S-shaped in steady states. By combining shear rheological characterizations with boundary stress
microscopy (BSM), we observed sustained local stress oscillations in confined suspensions. The
stress heterogeneities were induced by concentrated high-stress clusters that traveled stably along
the flow direction. We show that the growth and relaxation of these particle clusters contributed to
the non-monotonic flow curves, and mitigated the fluctuations of global shear rate. By comparing
the flow properties under different system sizes, we uncovered how boundary confinements effectively
determined both the rheological and statistical responses of dense suspensions to shear thickening
transition.

I. INTRODUCTION

Dense granular suspensions are made of concentrated
solid grains mixed with a liquid solvent. They are om-
nipresent in nature and industry, including mudflows
in landslides [1], construction materials [2], and field-
responsive fluids [3, 4]. Unlike Newtonian fluids, the
rheological response of dense suspensions to shear is of-
ten nonlinear. When suspension viscosity increases with
shear stress or shear rate, the flow behavior is referred to
as shear thickening [5–7].

The mechanisms of shear thickening can be under-
stood across various length scales. In recent studies,
shear thickening in non-Brownian suspensions has been
interpreted as a transition from an unconstrained lubri-
cated state to a constrained frictional state [8–10]. The
suspended particles form direct contacts by overcom-
ing an intrinsic repulsive stress that often relies on the
physicochemical details between particle surfaces [11, 12].
The strengthening of large-scale contact networks under
shear can lead to a significant increase in flow resistance
[13, 14]. This phenomenological framework not only cap-
tures the shear thickening rheology of dense suspensions
[11] but also predicts the presence of S-shaped flow curves
when particle volume fraction is above a critical jamming
point [8, 15]. However, these non-monotonic flow curves
have been rarely observed in steady state measurements
[16]. Instead, unstable flow instabilities and significant
stress fluctuations are commonly detected near discon-
tinuous shear thickening transitions [17–20].

Besides the contact networks formed inside dense sus-
pensions, flow interactions at shear boundaries also play
critical roles in controlling the shear thickening strength.
Similar to dry granular materials, dense suspensions tend
to dilate against flow boundaries under shear [21, 22],
such that the frustrated dilation gives rise to a posi-
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tive normal stress [11, 23]. When shear plates are al-
lowed to freely move by maintaining a zero normal stress,
shear thickening disappears [21]. Other experiments have
shown that the statistical properties of dense suspen-
sions, including temporal stress fluctuations and local
flow instabilities, can be altered by imposing different
shear geometries [17, 24–26]. However, despite all these
experimental implications, it remains unclear whether
boundary confinements will affect the underlying shear
thickening mechanisms.

To address these issues, we systematically studied the
flow rheology and statistical properties of dense suspen-
sions under different confinement conditions in this work.
Combining rheological characterizations with boundary
stress measurements, we observed S-shaped flow curves
in steady states associated with significant local stress
oscillations in highly confined suspensions. These flow
features are in sharp contrast to the rheology of uncon-
fined suspensions. Our experiments show how boundary
confinements dynamically regulate frictional contact net-
works developed in the bulk of dense suspensions, and
thus quantitatively control both the global rheology and
local flow heterogeneities during shear thickening transi-
tions.

II. STEADY STATE RHEOLOGY OF DENSE
SUSPENSIONS

The dense granular suspensions were prepared by mix-
ing the glass beads with an average diameter d = 43 ±
5 µm (Sigma-Aldrich) in 20 cSt silicone oil with a high
particle volume fraction φ = 52%. The shear rheology
of dense suspensions was experimentally characterized
by an Anton Paar MCR 302 rheometer equipped with
a 43-mm-diameter parallel-plate shear cell. For a given
shear rate γ̇, the shear plate measures shear stress τ , and
viscosity can be calculated as η = τ/γ̇. The gap size
between the two plates was varied systematically from
h = 0.32 mm to 1.81 mm to impose different confine-
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FIG. 1. Shear rheology of the dense suspensions for
different gap sizes. (a) Schematic illustration of the
parallel-plate shear cell used for measuring shear rheology.
(b) Experimental protocol of characterizing the flow curves,
where tW is the time taken to measure each shear stress.
(c) & (d) Plots of viscosity η (panel c) and normal stress
τN (panel d) against shear stress τ for tW = 5 s, 30 s, and
200 s with a fixed gap size h = 1.81 mm. (e) & (f) Plots
of η (panel e) and τN (panel f) against τ with a reduced gap
size h = 0.74 mm while tW was varied from 5 s to 200 s. The
error bars in the panels of (c)-(f) indicate the standard devia-
tions from at least three repeated measurements. The particle
volume fraction was kept at φ = 52% in all the experiments.

ments (Fig. 1a). To minimize the uncertainties caused
by sample-to-sample variations, each suspension was pre-
sheared for at least 60 mins prior to measurements.

The rheology of glass-oil suspensions was characterized
in stress-controlled approach with different gap sizes. For
each flow curve, the shear stress τ was ramped up loga-
rithmically with a sampling rate of 20 points per decade.
As indicated by the schematic shown in Fig. 1b, we quan-
titatively controlled the duration of measurement (tW )
taken by the shear device at each shear stress (τ). The
corresponding viscosity η was calculated as the ratio of
τ and the average shear rate ¯̇γ over the period of tW .

Figure 1c shows flow traces measured with a gap size
of h = 1.81 mm for tW = 5 s (red squares), 30 s (blue
circles), and 200 s (green triangles), respectively. The
suspension viscosity η increases monotonically with the
shear stress τ , indicating a representative shear thicken-
ing behavior. The plots of η(τ) remain largely unchanged
as tW is varied. In the regimes of low (τ < 1 Pa) and
high shear stress (τ > 10 Pa), we identified two dis-
tinctive Newtonian regimes, respectively, whose viscosi-
ties differed by a factor of four. The transition between
the two regimes signifies a crossover from a lubricated

to a frictional flow state [5]. The increase in suspen-
sion viscosity η is associated with an increase in the nor-
mal stress τN against the top shear plate. As shown
in Fig. 1d, τN increases gradually within the range of
1 Pa < τ < 10 Pa, and then rises rapidly with τ in
the frictional state (τ > 10 Pa). The results indicate a
continuous reinforcement of direct contacts between par-
ticles from the shear thickening onset (∼ 1 Pa), which is
a key rheological signature of a friction-dominated shear
thickening transition in dense suspensions [11, 21].

To explore the role of boundary confinements in shear
rheology, we next measured the flow curves of the same
glass-oil suspensions (φ = 52%) but with a reduced gap
size h = 0.74 mm. The resulting plots of η(τ) for differ-
ent tW (= 5 s, 30 s, 200 s) are shown in Fig. 1e. While
the two distinct Newtonian regimes appear again at low
(< 0.4 Pa) and high stress (> 4 Pa) regimes, respectively,
the crossover between the two states varies markedly with
tW . As tW increases from 5 s to 200 s, the flow curves of
η(τ) become non-monotonic. At tW = 200 s (the green
triangles), there is a sharp increase in viscosity near an
onset stress (≈ 0.4 Pa) until the suspension viscosity be-
comes η ≈ 7 × 102 mPa·s, even higher than that in the
second Newtonian regime. As τ further increases beyond
2 Pa, η then decreases and returns back to 5×102 mPa·s.
As no significant change in η(τ) was observed when tW
increased above 200 s (as later shown in Fig. 3b), we
conclude that the non-monotonic flow curves represent a
steady state behavior of confined suspensions.

This non-monotonic shear rheology is also associated
with a different kind of normal stress response. Figure 1f
shows the results of normal stress τN with an increasing
shear stress τ for h = 0.74 mm. At tW = 30 s (the blue
dashed line) and 200 s (the green dotted line), we ob-
served steep increases in τN as τ exceeds the thickening
onset (≈ 0.4 Pa). Throughout the whole shear thicken-
ing regime (0.4 Pa < τ < 4 Pa), τN remained roughly
constant around 4 Pa, substantially higher than that at
h = 1.81 mm. Further increase of τ beyond the non-
monotonic regime (τ > 4 Pa) caused τN to continuously
rise again.

III. S-SHAPED FLOW CURVES OF CONFINED
SUSPENSIONS

We re-plotted the flow curves of the confined suspen-
sions (h = 0.74 mm) as shear stress (τ) against shear
rate (γ̇) in Fig. 2a. The resulting plots of τ(γ̇) begin to
bend towards the negative γ̇ as the measuring time tW
increases. At tW = 200 s, the flow curve (solid green
line) displays a steady S-shaped profile, where a nega-
tive slope, dσ/dγ̇ < 0, appears between τ = 0.4 Pa and
0.8 Pa.

To further reveal the relationship between boundary
confinements and non-monotonicity of flow curves, we
systematically varied the gap size from h = 1.70 mm
to 0.32 mm while keeping tW = 200 s. The respective
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FIG. 2. S-shaped flow curves. (a) Plots of shear stress
(τ) against shear rate (γ̇) for tW = 5 s, 30 s, and 200 s
characterized at a constant gap size h = 0.74 mm. (b) Plots
of τ(γ̇) with tW = 200 s for different gap sizes, h =1.70 mm,
1.29 mm, 1.02 mm, 0.68 mm, and 0.32 mm, respectively.

plots of τ(γ̇) are shown in Fig. 2b. For h = 1.70 mm
and 1.29 mm, shear stress τ increases monotonically with
shear rate γ̇ . By contrast, non-monotonic S-shaped flow
curves become visible at reduced gap sizes, h = 1.02 mm
and 0.68 mm. As h further decreases to 0.32 mm, the
plot of τ(γ̇) curves sharply towards γ̇ → 0 at a critical
stress τc = 0.3 Pa. The suspension remained mostly
static until passing a yield stress τy = 3.8 Pa. Between τc
and τy, the normal stress rises rapidly from τN =0.1 Pa
to 50 Pa, implying a shear-jamming-like transition in the
dense suspensions (see Appendix A). Since the particle
size is about 43 µm, our results suggest that S-shaped
flow curves begin to appear noticeable when the gap size
becomes as small as ∼ 25 particle diameters.

The results in Fig. 2 are in great contrast to previous
studies on the rheology of dense non-Brownian suspen-
sions. Recent experiments and simulations have revealed
the coexistence of both frictional and lubricated flow
states in strong shear thickening regimes [17, 18, 20]. The
resulting flow behaviors destabilize shear profiles, and
prevent non-monotonic rheological responses and shear
jamming in unconfined suspensions [27]. Therefore, S-
shaped flow curves have been rarely observed in steady
state measurements [16]. Our results, however, suggest
that these non-monotonic flow curves can be mechani-
cally stabilized by confinements applied on shear bound-
aries to the dense suspensions.

IV. TEMPORAL FLUCTUATIONS OF GLOBAL
SHEAR RATES

To search for the physical origin of the S-shaped flow
curves, we next investigated the statistical properties
of dense suspensions under different boundary confine-
ments. Figure 3 summarizes how the global shear rate
γ̇ fluctuates over time t under constant shear stresses τa
(= 1 Pa, 2 Pa, 3 Pa, 4 Pa, and 6 Pa) for two different
gap sizes, h = 1.68 mm and h = 0.87 mm. For each
τa, we measured the temporal evolution of γ̇(t) over a
period of T ∼ 103 s, such that the corresponding mean

viscosity was defined as η̄(τa) = 〈τa/γ̇(t)〉T . In panels
(a) and (b), the resulting η̄(τa) (the solid colored points)
are plotted together with the reference flow curves ηs(τ)
measured with tW = 5 s (the black hollow points). Con-
sistent with the rheological results in Fig. 1, η̄(τa) greatly
depends on the gap size. As shown in Fig. 3a, the η̄(τa)
values are nicely collapsed into the trace of ηs(τ), i.e.,
η̄(τa) ≈ ηs(τa), suggesting no change in the flow curves
with tW for h = 1.68 mm. In contrast, for a reduced
gap size h = 0.87 mm, η̄(τa) is substantially larger than
ηs(τa) from τa = 1 Pa to 4 Pa in Fig. 3b. At τa = 6 Pa,
we found again that η̄(τa) ≈ ηs(τa), indicating a non-
monotonic flow curve. The plots of γ̇(t) at different τa
are shown in panels (c) and (d), where the overall changes
in γ̇(t) show similar dependence on τa for h = 0.87 mm
and 1.68 mm. In both cases, their fluctuation amplitudes
are maximized at τa = 2 Pa and then quickly decrease
with τa, and finally appear unnoticeable at τa = 6 Pa.

We further calculated the standard deviation δγ̇ =

[(γ̇(t)− γ̇)2]1/2 for each γ̇(t) to quantify the intensity of
fluctuations. Unexpectedly, as shown in Fig. 3e, δγ̇ at
h = 1.68 mm is larger than that at h = 0.87 mm between
τa = 1 Pa and 4 Pa. In previous experiments and simula-
tions, shear fluctuations were commonly found to be am-
plified in non-monotonic flow regimes [20, 28, 29]. How-
ever, our experiments indicate the opposite results: the
S-shaped flow curves τ(γ̇) (Fig. 3b) were associated with
weakened fluctuations in global shear rate γ̇(t) (Fig. 3d)
at a decreased gap size h = 0.87 mm. This counterintu-
itive statistical feature suggests that the governing flow
mechanism of shear thickening in confined dense suspen-
sions may become different.

V. LOCAL SHEAR STRESS OSCILLATIONS

To understand the relationship between flow behaviors
and statistical properties in confined dense suspensions,
we further looked into the flow heterogeneity developed
during shear thickening transitions by using boundary
stress microscopy (BSM). This technique was originally
invented to measure tractions at soft interfaces [30, 31],
and was recently improved for in-situ measurements of
boundary shear stresses at fluid interfaces in rheologi-
cal characterizations [32, 33]. In this work, to carry out
BSM measurements, a 92-µm-thick layer of soft poly-
dimethylsiloxane (PDMS) elastomer was coated onto a
glass-bottomed plate. The whole shear cell was placed
on top of a fluorescent microscope for in-situ imaging.
The Young’s modulus of the PDMS layer was chosen
as E = 1.7 kPa to maintain an optimal resolution of
boundary shear stresses. We deposited 1 µm fluores-
cent spheres at the PDMS surfaces as tracers to measure
the in-plane deformations. By tracking the displacement
fields of spheres (u) under shear flows, we can locally
resolve the shear stresses (σ) at PDMS-flow interfaces
based on the constitutive law for linear elastic solids,
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σ =
E

1 + ν

(
1

2
(∇u+∇uT ) +

ν∇ · u
1− 2ν

I

)
, (1)

and the mechanical equilibrium requirement ∇ · σ = 0,
or

(1− 2ν)∇2u+∇(∇ · u) = 0. (2)

Here E and ν are the Young’s modulus and the Pois-
son ratio of the PDMS substrate while I is the identity
tensor. The numerical method to solve Eqs. 1 and 2 for
BSM experiments can be found in [34]. From our pre-
vious study [35], we have characterized that the Poisson
ratio of this coated PDMS material is ν = 0.48.

Prior to rheo-optical experiments, we have systemati-
cally calibrated our imaging system to ensure a high res-
olution of measured boundary stresses. For the shear
plate with a radius of R, the microscope objective was
kept at a distance of 2R/3 from the plate center so that
the local shear rate was identical to the global shear rate
(γ̇). The subscripts x and y were used to denote the flow
direction and vorticity direction, respectively. In all the
experiments, we have found that the boundary stress in
the flow direction remained much higher than that in the
vorticity direction, σx � σy. Therefore, we exclusively

focused on the spatiotemporal fluctuations of σx to ex-
amine the flow heterogeneity. The detailed experimental
protocol of performing boundary stress microscopy is dis-
cussed in Appendix B.

Figure 4 summarizes the evolution of σx over time for
a reduced gap size h = 0.87 mm. We denoted as 〈σx〉 the
spatially averaged stress within a field of view (880 µm ×
660 µm). Panel (a) presents the plots of 〈σx〉 against time
t at different global shear stresses τa, and panel (b) shows
the zoom plots of 〈σx(t)〉 from the duration between t =
200 s to 400 s. Within the non-monotonic regime, from
τa = 1 Pa to 4 Pa, 〈σx(t)〉 fluctuates significantly between
a dominating low-stress state and a series of high-stress
peaks. While the low-stress regimes remain close to zero,
the peak stresses of 〈σx(t)〉 approximately doubles, from
15 Pa to 30 Pa, as τa increases from 1 Pa to 4 Pa. Panels
(c) and (d) in Fig. 4 show the representative stress maps
of σx measured by BSM at different time points for τa =
1 and 3 Pa, respectively (see the Supplemental Video S1
and S2). The exchange between the two different stress
states suggests that a spatial phase separation occurred
during shear thickening transitions [33]. The high-stress
domains were concentrated in a small area fraction of
suspensions while the majority of the suspension areas
bore minimal stresses.

As the global shear stress further increased to τa =
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6 Pa, spatial stress heterogeneity notably decreased. This
mitigation of local stress oscillations can be seen in both
of the black line in Fig. 4a and the stress maps in Fig. 4e.
At τa = 6 Pa, σx remains approximately constant (∼ 7.8
Pa) across the field of view (see the Supplemental Video
S3). We interpret the the homogenization of shear flows
as a dynamic yielding process. The high-stress regions
above the local yield stress quickly relaxed under shear,
such that the spatial phase separation disappeared. On
macroscopic scales, the flow homogenization at τa = 6 Pa
led to a reduced flow resistance and thus generated non-
monotonic flow curves.

To quantify the timescales (tc) of the observed local
stress oscillations, we calculated the autocorrelation func-
tions of 〈σx(t)〉 across a measurement period T by using
the formula

Rx(δt) =

∫ T

0
〈σx(t)〉〈σx(t+ δt)〉dt∫ T

0
[〈σx(t)〉]2dt

(3)

where δt denotes a given time shift. When δt ≈ tc, we
expect local maximums in the plots of Rx(δt). Figure 5a
represents the results of Rx(δt) calculated for τa = 1 Pa,
3 Pa, and 4 Pa, respectively, and Fig. 5b displays the
zoom plots of the corresponding 〈σx(t)〉. The peaks of
Rx(δt) are consistent with the characteristic oscillation
timescales of 〈σx(t)〉. When τa = 1 Pa, the first peak in
Rx(δt) is located at δtp = 192 s, which nicely approxi-
mates the time interval between two adjacent peaks (tc1)
in the top panel of Fig. 5b.

As shear stress increased to τa = 3 Pa and 4 Pa,
〈σx(t)〉 oscillated more rapidly, and involves two distinct
timescales in Rx(δt). For example, we observed a first
local maximum of Rx(δt) at δts = 62 s followed by a
major peak at δtp = 106 s for τa = 4 Pa. The longer
timescale (tc1 ≈ δtp = 106 s) corresponds to the intervals
between two major peaks in the plot of 〈σx(t)〉, while the
shorter timescale (tc2 ≈ δts = 62 s) approximates a sub-
interval between a lower spike and a major peak. The
two intervals are indicated by the black and pink arrows
in Fig. 5b.

We further compared both tc1 and tc2 with the rota-
tional period of the shear plate, Tg = 4πR/(3γ̇h). Fig-
ure 5c exhibits the plots of both tc1 and tc2 against differ-
ent Tg. For τa = 1 Pa and 2 Pa, only one timescale (tc1)
was measured by the autocorrelation analysis. Based
on the relationship between tc1,2 and Tg, we found two
generic linear scalings,

tc1 ≈ 2Tg , tc2 ≈ Tg. (4)

The dependence of tc1 and tc2 on Tg suggests a physi-
cal picture that potentially delineates the dynamic stress
separations in confined suspensions. When τa = 1 Pa or
2 Pa, briefly exceeding the shear thickening onset initi-
ated a high-stress domain to form in the shear flow. If
its center of mass was located at a height approximately
half of the gap size [24], the mean traveling speed of the
high-stress domain was approximately half of the shear
plate. As a result, the high-stress region finished one
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complete round while the shear plate rotated two peri-
ods, tc1 ≈ 2Tg. When shear stress increased to τa = 3 Pa
or 4 Pa, a second high-stress domain appeared in a dif-
ferent location within the suspension. Therefore, we ob-
served the high-stress regions twice as frequently as we
did at lower stresses, such that tc2 ≈ Tg. Although we
expected more high-stress regions to appear with an in-
creasing global shear stress τa, we experimentally found
yielding and homogenization across the whole shear flows
at τa = 6 Pa.

Finally, to confirm the role of boundary confinements
in stress separations, we also measured the spatiotempo-
ral evolution of local shear stresses under a large gap size,
h = 1.68 mm. Figure 6a presents the plots of 〈σx(t)〉 at
different τa. As shown in Appendix C, a characteristic os-
cillation time scale tc1 ≈ 2Tg was again identified through
autocorrelation analysis. However, the fluctuations of
〈σx(t)〉 reduced substantially compared with that of con-
fined suspensions. For example, as h increased from 0.87
mm to 1.68 mm, the fluctuation amplitudes of 〈σx(t)〉 de-
clined from 20 Pa to 5 Pa at τa = 2 Pa. Panels (c) to (e)
in Fig. 6 show the stress maps of σx measured at different
time points (t = 226 s, 307 s, and 343 s) for τa = 2 Pa
(see the Supplemental Video S4) where the stress het-
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FIG. 6. Fluctuations of local shear stress σx under a
large gap size h = 1.68 mm. (a) Plots of 〈σx(t)〉 at different
global shear stresses τa. From top to bottom, τa = 1 Pa, 2 Pa,
3 Pa, 4 Pa, and 6 Pa, respectively. (b) Zoom plots of 〈σx(t)〉
at τa = 2 Pa. The red circles denote the specific time points,
t = 226 s, 307 s, and 343 s. (c) - (e) Local stress maps of σx

measured at the time points, t = 226 s, 307 s, 343 s, with a
constant global shear stress τa = 2 Pa. Scale bars: 100 µm.

erogeneity also weakens substantially at h = 1.68 mm.
These results confirm that the apparent local stress sep-
aration shown in Fig. 4 was indeed initiated by boundary
confinements.

VI. DISCUSSIONS AND CONCLUSIONS

Our results have shown that boundary confinements
change the underlying flow structures during shear thick-
ening transitions. Both the rheological and statistical
properties of dense suspensions are varied across differ-
ent length scales. To clarify the shear thickening mecha-
nism in confined conditions, we now discuss the physical
significance of several important observations in our ex-
periments.

First, we consider the relationship between the fluctu-
ations of global shear rate γ̇ and local shear stress 〈σx〉 in
stress-controlled rheological measurements. It has been
previously assumed that strong shear thickening flows,
including that in non-monotonic regimes, were often as-
sociated with rapid growth and relaxation of disordered
contact networks spanning whole suspensions. There-
fore, enhanced temporal fluctuations and spatial hetero-
geneities of shear flows were both found during shear
thickening transitions [17, 25, 36]. However, the rela-
tionship between temporal and spatial fluctuations of
shear thickening fluids has not yet been explored. In the
non-monotonic flow regimes of confined suspensions, we
measured enhanced oscillations of local shear stress 〈σx〉
(Fig. 4) but with simultaneously reduced fluctuations of
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global shear rate γ̇ (Fig. 3).
We interpret the experimental findings as indicating

that global fluctuations in shear rate (γ̇) and local stress
separations (σx) are two competing mechanisms that
arise in response to a constant global shear stress dur-
ing shear thickening transition. Macroscopically, γ̇ can
fluctuate over time to maintain a constant global shear
stress through a dynamically evolving force network. Lo-
cally, suspensions under a constant global shear stress
can separate into regions bearing different σx, including
a ubiquitous low-stress domain and several concentrated
high-stress clusters.

The governing statistical features in response to shear
thickening will depend on how confined suspensions are.
In a weakly confined suspension (e.g., h = 1.68 mm),
as the correlation length of particle interactions remains
smaller than the system size, any high-stress domains
that form will become mechanically unstable and relax
rapidly in shear flows [17]. As a result, dense suspensions
remain spatially homogeneous. In these scenarios, a con-
stant shear stress is maintained by the fluctuations of
global shear rate γ̇, which are the dominating statistical
features [28]. By contrast, in highly confined suspensions
(e.g., h = 0.87 mm), local stress separations can sustain
and steadily travel along shear flows. These formations
of local high-stress domains help to maintain a constant
global shear stress (τa). Therefore, the global shear rate
(γ̇) oscillates less significantly even in the non-monotonic
flow regimes of confined suspensions (Fig. 3).

Second, it is worth to mention again that S-shaped
curves have been challenging to directly measure in
steady state due to the disruptions by various flow in-
stabilities [27, 37]. However, our experiments show that
confinement-induced separations of local shear stresses
(σx) were spatiotemporally stable during shear thicken-
ing transitions. As the global shear stress increases, the
growth and yielding of these local high-stress domains
result in the steady non-monotonic flow curves (Figs. 1
and 2).

In summary, we present a systematic study that re-
veals the underlying connection between shear thickening
rheology and flow fluctuations in confined dense suspen-
sions. Specifically, we have shown that the confinement
applied by shear boundaries can effectively induce stress
heterogeneity that controls shear thickening flows on dif-
ferent length scales. Globally, the flow curves become
non-monotonic, or S-shaped. Locally, we identified sus-
tained stress oscillations. We anticipate that the work
can bring valuable insight into dynamic control of sus-
pension rheology through pre-designed boundary effects.
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Appendix A: Normal Stress Measurements

During the rheological characterizations, we simulta-
neously measured the normal stress τN applied to the
shear plate under different confinement conditions. Fig-
ure 7 plots normal stress τN against shear stress τ with
different gap sizes (h). For h = 0.68 mm or larger, τN re-
mains in the order of 100 Pa. In contrast, for the smallest
gap size h = 0.32 mm, the normal stress rises rapidly to
50 Pa near the yield stress τy ≈ 3.8 Pa (see the black dia-
monds). Upon further increasing shear stress beyond τy,
τN suddenly drops to 8.6 Pa, and then gradually increases
again with an approximate linear scaling, τN ∼ 2τ . For
h = 0.32 mm, the rapid growth and collapse of τN near
the yield stress τy indicate a shear-jamming-like transi-
tion followed by a rapid relaxation process in this ex-
tremely confined suspension. The return to a positive re-
lationship between τN and shear stress τ above τy is the
rheological signature of a frictional flow state [11, 21].

Appendix B: Boundary Stress Microscopy

To realize in-situ boundary stress microscopy (BSM)
in our rheological measurements, a thin elastic poly-
dimethylsiloxane (PDMS) substrate was coated on the
bottom shear plate. First, we fully mixed a silicone
base solution (divinyl-terminated polydimethylsiloxane,
DMS-V31, Gelest Inc.) with 0.8 wt% crosslinkers (a
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FIG. 8. Boundary stress microscopy. (a) Schematic illus-
tration of our BSM setup. Fluorescent microspheres attached
to the PDMS are indicated by the red dots. (b) The cali-
brated local shear stress 〈σx〉 is plotted against global shear
stress τ for 100 cSt silicone oil. The dashed line indicates the
scaling 〈σx〉 = τ . (c) Boundary stresses σx and σy measured
at τa = 10 Pa for 100 cSt silicone oil. (d) Boundary stresses
σx and σy measured at τa = 3 Pa for dense suspensions with
a confined gap size h = 0.87 mm. The arrows in panels (c)
and (d) indicate the displacement fields. Scale bars: 200 µm.

trimethylsiloxane terminated-dimethylsiloxane copoly-
mer, HMS-301, Gelest Inc.) and 0.01 wt% catalyst
(a platinum-divinyltetramethyldisiloxane complex in xy-
lene, SIP6831.2, Gelest Inc.). After being degassed, the
mixture solution was spin-coated onto the bottom glass
plate at a speed of 800 rpm for 3 minutes and then cured
at 40 ◦C for 48 hours. To avoid swelling effects induced
by the solvent in suspensions, the cured PDMS substrate
was pre-swelled in 20 cSt silicone oil prior to BSM mea-
surements. As a result, the thickness of a fully swollen
PDMS substrate was 92 µm.

To measure the in-plane deformations of PDMS sur-
faces, we attached a layer of 1 µm carboxylate-modified
fluorescent beads (excitation/emission at 535/575 nm)
onto the PDMS-suspension interface. The entire shear
cell was placed on top of a fluorescent microscope
equipped with a 10× objective to image the movements of
beads. Using a tracking algorithm for particles with large
displacements [38], we determined the displacement fields
u of the fluorescent beads. A gradual drift of the micro-
scope objective along the vertical direction was found to
affect the accuracy of the displacement measurements.
To minimize this effect, we waited for at least 12 hours
after positioning the objective at an initial position be-
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FIG. 9. Local stress oscillations in weakly confined sus-
pensions. (a) Autocorrelation function Rx(δt) of 〈σx(t)〉 un-
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respectively. (b) Zoom plots of 〈σx(t)〉 from Fig. 6a. The
black arrows indicate the characteristic oscillation timescale
tc1. (c) The oscillation timescale of local shear stresses tc1 is
plotted against the global shear period Tg.

fore making measurements. As a result, the displacement
of fluorescent beads caused by further drift of the micro-
scope objective was less than 0.03 µm during the period
of each measurement. The resulting stress uncertainty
was in the order of 0.2 Pa, which was much smaller than
the local stresses of interest.

To determine the Young’s modulus E of a swollen
PDMS substrate, we experimentally calibrated our rheo-
optical system by using a standard 100 cSt silicone oil.
To ensure that the local shear stress 〈σx〉 measured by
BSM was consistent with the applied shear stress τ for
the testing silicone oil, we fitted the Young’s modulus as
E = 1.7 kPa. Figure 8b shows the plot of 〈σx〉 against
τ measured for 100 cSt silicone oil where the dashed line
indicates the linear scaling, 〈σx〉 = τ .

In our rheo-optical measurements, BSM characterized
the shear stresses in both the flow direction (σx) and vor-
ticity direction (σy). Panels (c) and (d) in Fig. 8 show
representative local stresses (σx and σy) measured for a
pure silicone oil (100 cSt) and a highly confined suspen-
sion (h = 0.87 mm), respectively. In both cases, the
magnitudes of σy are negligible compared with that of
σx (see the Supplemental Video S5). We thus exclusively
focused on the spatial heterogeneity of σx in our studies.
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Appendix C: Local Stress Oscillations in Weakly
Confined Suspensions

In weakly confined suspensions, we show that only one
characteristic timescale can be identified through auto-
correlation analysis (Eq. 3). For instance, Fig. 9a rep-
resents the results of Rx(δt) at different τa for h = 1.68
mm. The peaks of Rx(δt) are highly consistent with the

characteristic fluctuation timescales tc1 in Fig. 9b. Com-
pared with the global rotational period Tg, tc1 also follows
the same linear scaling as that in confined suspensions
(Fig. 9c),

tc1 ≈ 2Tg. (C1)

However, there was no well-defined second timescale tc2
for any of the applied stresses.

[1] Fabio Vittorio De Blasio, “Rheology of a wet, fragment-
ing granular flow and the riddle of the anomalous fric-
tion of large rock avalanches,” Granular Matter 11, 179
(2009).

[2] Abhay Goyal, Ivan Palaia, Katerina Ioannidou, Franz-
Josef Ulm, Henri van Damme, Roland J.-M. Pellenq, Em-
manuel Trizac, and Emanuela Del Gado, “The physics of
cement cohesion,” Science Advances 7, eabg5882 (2021).

[3] Juan de Vicente, Daniel J. Klingenberg, and Roque
Hidalgo-Alvarez, “Magnetorheological fluids: a review,”
Soft Matter 7, 3701–3710 (2011).

[4] Wing Yim Tam, Guang Hua Yi, Weijia Wen, Hongru
Ma, M. M. T. Loy, and Ping Sheng, “New electrorheo-
logical fluid: Theory and experiment,” Phys. Rev. Lett.
78, 2987–2990 (1997).

[5] Jeffrey F. Morris, “Shear thickening of concentrated sus-
pensions: Recent developments and relation to other phe-
nomena,” Annual Review of Fluid Mechanics 52, 121–144
(2020).

[6] Eric Brown and Heinrich M Jaeger, “Shear thickening
in concentrated suspensions: phenomenology, mecha-
nisms and relations to jamming,” Reports on Progress
in Physics 77, 046602 (2014).

[7] Christopher Ness, Ryohei Seto, and Romain Mari, “The
physics of dense suspensions,” Annual Review of Con-
densed Matter Physics 13, 97–117 (2022).

[8] M. Wyart and M. E. Cates, “Discontinuous shear thick-
ening without inertia in dense non-brownian suspen-
sions,” Phys. Rev. Lett. 112, 098302 (2014).

[9] Romain Mari, Ryohei Seto, Jeffrey F. Morris, and Mor-
ton M. Denn, “Discontinuous shear thickening in brow-
nian suspensions by dynamic simulation,” Proceedings
of the National Academy of Sciences 112, 15326–15330
(2015).

[10] B. M. Guy, M. Hermes, and W. C. K. Poon, “Towards
a unified description of the rheology of hard-particle sus-
pensions,” Phys. Rev. Lett. 115, 088304 (2015).

[11] John R. Royer, Daniel L. Blair, and Steven D. Hudson,
“Rheological signature of frictional interactions in shear
thickening suspensions,” Phys. Rev. Lett. 116, 188301
(2016).

[12] Nayoung Park, Vikram Rathee, Daniel L. Blair, and Jac-
inta C. Conrad, “Contact networks enhance shear thick-
ening in attractive colloid-polymer mixtures,” Phys. Rev.
Lett. 122, 228003 (2019).

[13] Romain Mari and Ryohei Seto, “Force transmission and
the order parameter of shear thickening,” Soft Matter 15,
6650–6659 (2019).

[14] Shravan Pradeep, Mohammad Nabizadeh, Alan R. Ja-
cob, Safa Jamali, and Lilian C. Hsiao, “Jamming dis-

tance dictates colloidal shear thickening,” Phys. Rev.
Lett. 127, 158002 (2021).

[15] Romain Mari, Ryohei Seto, Jeffrey F. Morris, and Mor-
ton M. Denn, “Nonmonotonic flow curves of shear thick-
ening suspensions,” Phys. Rev. E 91, 052302 (2015).

[16] Zhongcheng Pan, Henri de Cagny, Bart Weber, and
Daniel Bonn, “S-shaped flow curves of shear thickening
suspensions: Direct observation of frictional rheology,”
Phys. Rev. E 92, 032202 (2015).

[17] Qin Xu, Abhinendra Singh, and Heinrich M. Jaeger,
“Stress fluctuations and shear thickening in dense gran-
ular suspensions,” Journal of Rheology 64, 321–328
(2020).

[18] Rijan Maharjan, Ethan O’Reilly, Thomas Postiglione,
Nikita Klimenko, and Eric Brown, “Relation between
dilation and stress fluctuations in discontinuous shear
thickening suspensions,” Phys. Rev. E 103, 012603
(2021).

[19] Didier Lootens, Henri Van Damme, and Pascal Hébraud,
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