Shear Jamming in Cornstarch

John Parker*
(Dated: June 1, 2015)

I. OVERVIEW

Granular materials exhibit the interesting property
that, under some conditions, they behave like a solid (re-
sists small stresses without deforming), while at other
times they behave like a liquid (flows under an applied
stress). The transition between these two phases is of
physical interest.

One method to induce the phase transition is to change
the packing fraction ¢. This fraction is the ratio of the
volume of material to the volume occupied — it measures
how densely packed the material is. When the packing
fraction is large enough, the grains interact strongly and
form large force networks that can resist external stress.
For ¢ > ¢, the jamming fraction, the material behaves
like a solid.

There exists another method to jam, even when ¢ <
¢y. By applying a large enough shear stress 7 to the ma-
terial, the state can become jammed. If too much shear
stress is applied, the state becomes unjammed again. The
precise nature of this jamming is not well understood [1].
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FIG. 1. Predicted phase space diagram for a granular mate-
rial. A jammed state occurs due to a high packing fraction
while shear jamming occurs due to an applied shear stress.
The unjammed state has liquid-like properties. [1]

A dense suspension is created by mixing the grains
with a liquid, such as when cornstarch is mixed with wa-
ter. The result is a suspension that behaves like a liquid
when undisturbed, but a solid-like mixture when external
stresses are applied. The resulting solid is known to sup-
port normal stresses up to 1 mPa [2]. As the shear rate
increases, the viscosity of the suspension also increases,
a non-Newtonian property known as shear thickening.
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This property only occurs in some range of packing frac-
tions — if the suspension is too dilute or dense, it does
not occur.

This behavior is summed up in the phase space dia-
gram of FIG. 1. There are three distinct regions: jammed
states due to high packing fraction, shear jammed states
due to shear, and unjammed states that behave like a
liquid. While the behavior of the jammed and shear
jammed states are known to be similar, their causes are
quite different. This experiment is focused on the behav-
ior of shear jammed cornstarch suspensions as the shear
stress and packing fraction are varied.

A very defining solid-like behavior that the shear
jammed cornstarch suspension exhibits is cracking.
When the material is jammed, whether it be due to com-
pression or shear, the resulting solid can crack and tear
under additional stress,a behavior unknown to liquids.
FIG. 2 shows several cracks forming in a cornstarch sus-
pension as the center rod rotates. This rotation generates
the shear stress needed to jam the suspension while the
metal extrusions at the bottom of the rod (see FIG. 4)
strike the suspension and cause it to crack.

FIG. 2. An example of cracking in a dense suspension (the
right portion of the container). The center rod and extrusion
apply a shear stress that jams the suspension and causes it to
exhibit the solid-like behavior of cracking.

This experiment explores the behavior of the solid
phase of the cornstarch suspension, with an emphasis
on the strength of the solid phase and the formation of
cracks.

II. EXPERIMENTAL SETUP

The experimental setup in shown in FIG. 3. A DC
motor is controlled by an external box with a motor con-
troller nob. This number controls the frequency of ro-
tation and power output of the motor. A belt connects



the motor to a metal shaft connected to another rod that
dips into the cornstarch medium below. The container is
designed to have an adjustable height so that the depth of
the intruder can be controlled. An optical encoder (emits
and receives IR signals) is placed with a picketed-fence
wheel that rotates with the shaft. This allows measure-
ment of the shaft frequency.

FIG. 3. Main components of the apparatus: A controlled mo-
tor rotates a shaft connected to the rod with extrusions (see
FIG. 4). A container of adjustable height holds the cornstarch
suspension. An optical encoder measures shaft frequency. A
mirror reflects the cornstarch surface to a high-speed camera.

The intruder design is shown in FIG. 4. This design
acts as four separate extrusions, each of which can cause
cracks in the suspension.

A mirror is placed directly above the container at a 45°
angle. This reflects the light from half of the cornstarch
suspension surface and into a high-speed camera, which
collects 6.38 seconds of video at 500 fps.

The cornstarch container has a diameter of 4.6 in. and
height of 4.0 in. The intruding rod has diameter 0.75 in.
with an extrusion of height 1.0 in. and width of 1.22 in.

The setup allows the measurement of the intruder ro-
tation speed and images of the cornstarch surface. The
control variables are the packing fraction of the suspen-
sion, ¢, the motor controller number, and the depth of
the intruder. In addition, glycerol can be added to the
suspension to increase its viscosity (this necessity is ex-

FIG. 4. The intruder used in this experiment to supply the
shear stress and crack the suspension.

plained in Appendix A)

III. METHODS AND DATA

The packing fraction of the cornstarch suspension can
be varied by controlling the ratio of cornstarch to water.
The packing fraction is defined by

¢ _ Veornstarch (1)
Vwater + chornstarch

Using the densities of cornstarch and water, the packing
fraction can be determined from the masses of each com-
ponent. A more detailed account is given in Appendix
A, including uncertainties and known issues.

For measuring the frequency, the motor controller nob
is initially turned to the desired value and the break
switch is thrown on (this starts/stops the motor as
quickly as possible). Data collection from the optical
encoder begins, and then the break is turned off. This
allows measurement of the build-up in frequency. Ap-
pendix B explains the process of turning the encoder
output into a frequency.

The depth of the intruder, h, is controlled with the
height of the container. The lowest depth of interest is
the height of the intruder, A = 1 in.

When the suspension is seen to exhibit cracks (which
occur only for certain ¢ and angular speed), video footage
of the surface is taken.

A. Frequency Data

Frequency data was collected in the absence of any
medium (that is, in air). This allows an understand-
ing of how the motor varies with the controller number



under negligible stress. Frequency data collected in the
presence of a medium is then compared to this response.
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FIG. 5. The optical encoder allows measurement of the shaft
frequency. This is done in the absence of any medium (in air).
A range of motor controller values are swept (20 through 100)
and the frequency over time is extracted. ¢ = 0 corresponds
to the motor being turned on.

FIG. 5 shows the motor’s frequency response from a
given controller number (varied from 20 to 100). ¢ = 0
corresponds to the time at which the break is turned off.
There is about a 0.5 s build-up before a steady oscillation
occurs. The motor does not apply a steady rotation, but
there is an increase of the average final frequency with
the control number.

FIG. 16 of Appendix C shows the Fourier transform
of these frequency curves and discusses the small oscilla-
tions occurring around the average. The frequency from
now on is taken to be the average of the oscillation, and
there is an uncertainty given by the oscillation’s standard
deviation, f = favg £ Tosc-

The same results for a water medium are shown in
FIG. 15 of Appendix C. The results are very similar, as
is demonstrated in FIG. 8.

The cornstarch medium is also used while collecting
frequency data. The results of a particular experiment
are shown in FIG. 6, with ¢ = 41% and intruder depth
h =1 in. This data is collected for various ¢ and depths.
The average frequencies are lower than in the absence of
a medium (or water) and there is often a longer build-up.

When glycerol is added to the suspension, the typical
frequency outputs are shown in FIG. 7. The results are
quite different from the regular cornstarch suspension.
There is a period of time in which the motor is turned
on and stuck before the frequency shoots up to its final
value. The onset time, t., is defined as the amount of time
required for the motor to reach its final frequency. This
is seen to decrease with increasing control number. For
those that remain stuck, the onset time is set to t. = oc.

Frequency Data; Cornstarch Medium

25 T
— 300
— 40.0
»ol — 50.0|
' W’U\ ﬂ 60.0
— 700
80.0
3 — 90.0]
> v
g v
g
g
2 1.0 i

0.5

00 L L L L L L L L
0 1 2 3 4 5 6 7 8 9
Time (s)

FIG. 6. The same frequency measurement done with the in-
truder in cornstarch. The average frequencies are lower (see
FIG. 8) and noisier. They also have a different buildup be-
havior from ¢t = 0.
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FIG. 7. The frequency measurement for a cornstarch medium
with glycerol. The motor gets stuck for a period of time before
cracking the suspension and jumping up in speed.

The role of glycerol and the higher ¢ values are dis-
cussed further in Appendix A.

B. Suspension Strength

The strength of each suspension can be measured based
on the frequency response of the medium at a given con-
trol number. FIG. 8 shows the final frequency of the shaft
against increasing control number for the cornstarch sus-
pension. The air and water medium overlap and provide
an upper limit on all of the other curves.



Average Frequency; Cornstarch Medium
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FIG. 8. The average frequency varies with the motor con-
troller. The air/water medium provide an upper limit. Higher
packing fractions or deeper depths hinder the motor’s rota-
tion, implying a stronger suspension.

Each curve is approximately linear, so the frequency
increases in the expected way with control number. The
actual values and slopes of these lines decrease with in-
creasing packing fraction (from 41% to 42%) and also
with increasing depth. This suggests that the medium
is stronger when deeper into the suspension. This be-
havior may be due to separation of cornstarch and water
over time due to their different densities (discussed fur-
ther in Appendix A). The gravitational force can cause
the suspension to have a ¢ that increases with increasing
depth.
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FIG. 9. Average frequencies for a cornstarch medium with
glycerol. The onset time for rotation to occur is seen to in-
crease with packing fraction or depth.

Similar curves are shown for the cornstarch suspen-
sions with glycerol in FIG. 9. The glycerol is added in
an attempt to reduce the separation of colloid and liquid
over time by increasing the viscosity of the suspension.
The results for these suspensions become non-linear dur-
ing the lower control numbers where the motor strains
too much to maintain any frequency. At some value, the
frequency shoots up as the intruder cracks and breaks
through the suspension. The values are again lower with
increasing ¢ and depth.
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FIG. 10. The onset time for the glycerol suspensions decreases
with increasing motor controller. 1/t. is plotted so that infi-
nite onset times can converge.

From FIG. 7, the onset time at a given control number
can be extracted. FIG. 10 plots 1/, for two different sus-
pensions and one at a larger depth. Plotting the inverse
allows the ¢, = oo values to converge. Higher packing
fractions and larger depths have a higher onset times.

C. Crack Formation

In the glycerol suspensions with ¢ = 63%, 65%, the
suspension does not respond to low control numbers.
When the driving force gets large enough, the onset time
becomes finite. Video footage of the cornstarch surface
indicates that this onset time coincides with the forma-
tion of a crack.

FIG. 11 shows the formation of a crack at ¢ = 63%,
h = 1 in., and a motor control number 55. From FIG.
9, this corresponds to the cyan curve just after a finite
onset time can occur. The crack starts from the center of
the container and propagates radially outward, reaching
its full length in around 0.88 seconds.

A crack of this nature was a relatively rare event and
only occurred around this value of ¢. Three separate
videos of different cracks were obtained at this packing
fraction and control number. FIG. 12 plots the length



FIG. 11. The evolution of a crack in a glycerol suspension.
¢ = 63% and the motor controller was set to 55.

of the crack versus time for the three cracks. These re-
peated measurements suggest that the cracks propagate
at a speed of about 3 em/s.
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FIG. 12. The length of three different cracks versus time.
¢ = 63% and the motor controller was set to 55 for each
crack observed.

Afterwards, the crack disappears and the intruder
spins at a much higher frequency. The suspension’s high
viscosity prevents it from settling in a volume around
the intruder, which now acts like a repulsive barrier. No
more cracks are then observed.

IV. FINAL REMARKS

This experiment focused on the solid phase of dense
cornstarch suspensions and measuring material strength
and crack properties. There are many other areas of in-
terest to explore and improve upon in these experiments,
discussed below.

The packing fraction in these experiments are subject
to local fluctuations which make it very difficult to char-
acterize and control the medium. The best way to over-
come this issue is to density match the water and corn-
starch by mixing CsCl in with the water. This would
prevent the separation of water and colloid over time,
and may prevent the need of glycerol.

A more useful quantity to use instead of the (aver-
age) shaft frequency or motor controller number would
be the applied shear stress, as it is this stress that causes
the medium to jam and crack. This could possibly be
achieved by attaching force sensors to the rod and in-
truder.

Finally, a deeper analysis of crack properties would be
insightful. How these crack properties vary with different
applied shear stresses or different packing fractions would
help further characterize them. In addition, the actual
size and shape of the intruder causing the cracks could
be changed.

APPENDIX A: MEASURING ¢

There are inherent uncertainties in measuring the
packing fraction exactly. Cornstarch in an open container
absorbs moisture from the room, so the exact water con-
tent is left unknown. Based on previous measurements,
the typical fraction of cornstarch mass to water mass is
n = 0.9 £ .03. When mixing the cornstarch and water,
some known mass of water, M,,, and mass of cornstarch,
M., are mixed together. The equation for ¢ becomes

nMC/pc

¢ (= )Mo/pw & Mufpu

" Me/pe + @)

where p, = 1.625 g/cm? and p,, = 1.00 g/cm? are the
respective densities of cornstarch and water.

When glycerol is added to the system, it contributes
an additional term in the denominator, Mg/p,, where
pg = 1.26 g/cm3. The glycerol suspensions tend to have
higher packing fractions, as seen in section ITI.A.

Glycerol is used to help prevent a problem that oc-
curs in the regular cornstarch suspensions. At higher
packing fractions or after about 10 minutes have passed
since mixture, the suspension begins to separate. Section
IIT demonstrated a packing fraction that varied with the
height. In addition, it is possible to have a radially vary-
ing packing fraction after the intruder has been rotating
for a while.

FIG. 13 shows an example of this happening. The
experiment was done over a period of 10 minutes at
¢ = 43%. Afterwards, the center became liquid-like while
the outer radius became solid-like. Since higher packing
fractions were needed to crack the suspension, a switch
to glycerol was needed to observe cracks. The problem
depicted here did not occur with the glycerol mixtures.



FIG. 13. An example of the non-glycerol suspension having a
radially varying packing fraction ¢. Outside the inner radius,
the suspension is jammed without any shear.

APPENDIX B: MEASURING FREQUENCY

The optical encoder shown in FIG. 3 produces a volt-
age output proportional to the intensity of the IR signal
it receives. As the code-wheel spins with the shaft, the
voltage varies from zero to nonzero voltage in a periodic
fashion. The actual output of the encoder over a tenth
of a second is shown in FIG. 14.
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FIG. 14. The raw data output of the optical encoder. The
width of each step indicates the time required for 1/200 of a
cycle. The frequency vs time plots (such as FIG. 15) can be
extracted from this data by averaging the times over a few
steps and iterating though the data.

Each voltage step corresponds to 1/200 of a cycle. By
measuring the width of each step, the average frequency
over that time period can be extracted. To get a cleaner
response, the frequency is averaged over a few periods of
the signal. Doing this over the whole signal allows the
construction of a frequency vs. time plot (those shown
in ITIL.A)

APPENDIX C: ADDITIONAL DATA

FIG. 15 shows the frequency-time plot for water, which
isn’t much different than the response in air. This was
done to show that the cornstarch suspension is not just
a simple fluid like water.
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FIG. 15. The frequency output of the optical encoder in a
water suspension. The result is nearly identical to the air
medium (see FIG. 8). This demonstrates the non-Newtonian
behavior seen earlier with the cornstarch suspensions.
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FIG. 16. The Fourier transform of the various curves from
FIG. 5. This indicates that the motor supplies two dominant
frequencies on top of a uniform rotation. These frequencies
increase with increasing motor controller number.

FIG. 16 is the Fourier transform of the air frequencies
of FIG. 5. The frequency has three peaks in its spec-
trum. One of these is the zero frequency corresponding
to uniform rotation. The remaining two correspond to
small oscillations of the frequency around the average.
The motor supplies these frequencies without any load,
and appear to be a part of its operation. Moreover, the




two frequencies increase with increasing motor controller
number. These oscillations generate extra noise in the
system, but not so much that different average frequen-
cies cannot be distinguished.
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