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Abstract

Machine learning approaches have introduced an urgent need for large datasets of materials
properties. However, for mechanical properties, current high-throughput measurement methods
typically require complex robotic instrumentation, with enormous capital costs that are
inaccessible to most experimentalists. A quantitative high throughput method using only
common lab equipment and consumables with simple fabrication steps is long desired. Here, we
present such a technique that can measure bulk mechanical properties in soft materials with a
common laboratory centrifuge, multiwell plates, and microparticles. By applying a homogeneous
force on the particles embedded inside samples in the multiwell plate using centrifugation, we
show that our technique measures the fracture stress of gels with similar accuracy to a rheometer.
However, our method has a throughput on the order of 103 samples/run and is generalizable to
virtually all soft material systems. We hope that our method can expedite materials discovery
and potentially inspire the future development of additional high throughput characterization
methods.

Concept

As machine learning becomes more and more transformational in our materials community, it is
increasingly important to support these efforts with simple approaches to accurately measure
large libraries of materials properties. While most common experimental approaches rely on
robotic measurement, not all materials scientists have access to large capital equipment budgets
or in-house automation support teams. To enable the masses to contribute to the new revolution
in Al-based materials design, there is a crucial need for clever and elegant methods that can
quantitatively measure properties at high-throughput, using only common lab equipment and
inexpensive consumables. Here, our work demonstrates one such approach, that can measure the
mechanical properties of soft materials. Our key concept is the use of centrifugation, which can
apply a uniform force to many samples, and is readily available to most research labs. This is
thus a natural vehicle for multiplexing, and we hope that readers are inspired by our work to
think about creative uses of a centrifuge for their own needs. Additionally, we apply careful
analysis of the underlying mechanics to show that our technique is much more than a screening
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tool, as it can quantitatively measure modulus and fracture strength with similar accuracy to
more standard methods.

1 Introduction

In the era of Big Data and Al, there is a pressing demand for large datasets of materials
properties to train machine learning models that can aid in materials discovery.l'"1% While
advances in combinatorial chemistry have greatly accelerated the synthesis of novel materials,!'!~
13] characterization methods have not kept up with this increased throughput, creating a
bottleneck in materials development. To address these issues, high-throughput characterization
methods have previously measured properties such as melting temperature,!'4! oxidation
behavior,!'3] and electrical conductivity.['®] However, measuring mechanical properties at high
throughput is significantly more challenging, as existing methods are often limited by slow,
complex fabrication steps or expensive custom instrumentation.[!7-1°1 A simple and widely-
accessible high-throughput mechanical test could significantly speed up the discovery and
development of novel materials.

Existing high-throughput mechanical characterization methods are often hindered by their
accessibility or complicated fabrication steps. Many such techniques already exist, including
scanning nanoindentation!!'’], micromachined cantilever beams[?%), microelectromechanical
systems(?!], microtensile testing(!®??], and microrheology.[*3] These methods can measure
properties such as elastic modulus, hardness, thin film thermomechanical behavior, and ultimate
tensile strength.[!718] For example, scanning nanoindentation can measure hardness and elastic
modulus in a high-throughput manner, but requires expensive and uncommon instrumentation.!*]
Microrheology has also been utilized to measure elastic modulus and viscosity at high
throughput(>3-261, but it requires complex custom instrumentation and is optimized for materials
with a very low modulus or viscosity.?#23 Finally, parallel microtensile testing can characterize
mechanical properties in a high-throughput manner,!'®22] but samples must be fabricated into a
specific form and aligned precisely, limiting the overall throughput of the method.['®]

Soft materials present an important target for high-throughput mechanical characterization. The
mechanical properties of such materials are highly tunable, especially by adding extra
components to form composites with enhanced properties.[?’-2°l However, the presence of these
additives significantly increases the number of possible formulations, so far more testing is
required to fully explore the materials library. Sequence-specific polymers are another interesting
class of soft materials that allow precise control of material properties by directly tailoring
monomeric sequences.!'% Fully unlocking the potential of these materials, however, requires a
deep understanding of the sequence-structure-function paradigm, which again necessitates large-
scale experimentation because the sequence space is exponentially large.[19] Fortunately, the
preparation of many soft materials is simple enough that samples across a wide range of
compositions can be synthesized in a high-throughput manner. For example, automated pipetting
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systems have been shown to be effective at creating various hydrogels at high throughput.[7-30]
This synthesis technique takes advantage of the fact that post-treatment is often not necessary for
soft materials, so gels of different compositions can quickly be fabricated by simply combining
reactants in varying amounts. This is far simpler than the formation of composition gradients for
hard materials such as alloys, which often requires very slow diffusion processing.[!°]
Unfortunately, high throughput studies of soft materials are frequently bottlenecked by the
mechanical characterization step, which is often still performed with standard one-at-a-time
testing.[?”] More accessible high-throughput characterization methods are necessary to keep up
with the increased throughput of soft materials synthesis.

Centrifugation is uniquely suited for widely adoptable high-throughput mechanical testing due to
its ability to apply a homogenous force across many samples while only requiring commonly
available laboratory equipment. This has previously been utilized for high-throughput
measurement techniques such as single-particle force spectroscopy.'3%] Recently, we developed
a method that uses centrifugation to pull particles off thin adhesive films, enabling high-
throughput characterization of the adhesive strength of soft materials.[*3] We show here that a
similar strategy can characterize bulk mechanical properties of soft materials. Rather than
placing the particles on top of films as was done previously, we now embed the particles within
material samples on a multiwell plate before centrifuging the plate at higher and higher rotational
velocities. We can thus quantify the mechanical properties of bulk materials instead of adhesive
strength, by measuring the centrifugal force required to pull the particles out of the sample. The
particles provide a colorimetric signal, so results are immediately visible to the naked eye
(Figure 1).
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Figure 1: Centrifugation method schematic. First, a single layer of particles is deposited in each well. Next, the
material samples are deposited on top and solidified. The plate is then inverted and spun in a centrifuge, causing
particles to break through the weaker materials. Larger centrifugation speeds will break stronger materials, enabling
measurements of bulk mechanical properties that can distinguish between different materials.

In contrast to existing high-throughput methods for mechanical properties!!’231, our method only
requires a common laboratory centrifuge and commercially available particles and well plates, so
it is much more widely accessible. Sample fabrication is simple and does not limit the throughput
of our method, especially when using multi-channel pipettes or automated pipetting systems.
With four 384-well plates able to fit in the centrifuge at once, we show that our method can reach
a throughput of up to 1536 samples per run, a massive improvement over traditional one-at-a-
time mechanical characterization techniques. This throughput could potentially be even further
increased using 1536-well plates or by using a centrifuge rotor that can hold additional plates.

We begin by showing results from our method for poly(methyl methacrylate)—poly(n-butyl
acrylate)—poly(methyl methacrylate) (PMMA-PrBA-PMMA) triblock copolymer gels, using
particles of varying density and size. To better understand the fracture mechanism in this test, we
investigate a similar scenario where we physically pull a particle attached to a wire out of a gel.
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Using this experiment as a starting point, we present an analytical solution that indicates that our
method can measure the shear fracture stress of soft materials. We then test this theory by
comparing the results from our method to those from a standard rheometer test, demonstrating
excellent agreement for two different materials systems. Finally, we perform our method on a
full 384-well plate to illustrate its significantly increased throughput over standard tests.

2 Results and Discussion:

Our method utilizes centrifugation to apply a homogeneous force across hundreds of samples on
a multiwell plate. The centrifugal force pulls on the particles embedded in each sample,
eventually causing them to break through the gel. We can then use the magnitude of centrifugal
force at fracture as a metric for the bulk mechanical strength of the corresponding material. We
begin by proving the basic concept on poly(methyl methacrylate)—poly(n-butyl acrylate)—
poly(methyl methacrylate) (PMMA-PnBA-PMMA) triblock copolymers dissolved in 2-
ethylhexanol. At room temperature, this is a good solvent for PnBA but a poor solvent for the
PMMA endblocks, which thus serve as physical crosslinks that form a gel. Above 90°C, PMMA
becomes soluble and the gel becomes a liquid, allowing us to pipette hot solution into the well
plate before it solidifies at room temperature.3*! We chose this material because its mechanical
properties can be tuned by simply adjusting the concentration of the copolymer in the solvent.
Additionally, this material is highly adhesive, enabling it to stick to the well plate and not detach
during centrifugation.

The preparation steps in our method are relatively simple and do not limit the throughput of
characterization. First, we deposit a single layer of particles at the bottom of each well on the
plate. We then heat and pipette triblock gel solutions of varying concentrations into each well
and then allow them to cool and solidify around the particles. After the samples solidify
completely, we centrifuge the plate facing outwards multiple times at successively increasing
speeds. After each speed, we remove the well plate from the centrifuge, take photos of the plate,
and then return it to the centrifuge for the next speed. Our results show that centrifugation can
distinguish between materials of varying strengths, validating the feasibility of this method for
measuring bulk mechanical properties (Figure 2).
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Figure 2: (a) Photos of centrifugation experiment with 1 mm diameter tungsten carbide particles embedded in
PMMA-PnBA-PMMA gels at various concentrations. 100 pL of triblock gel solution was added to each well in a
96-well plate. The same row in the well plate is shown from the bottom after cycles at increasing speeds. When a
sample fractures, the particles break through to the top of the well plate and are thus not visible in subsequent
photos. (b) Graphical representation of data in part a along with shear modulus of the same gels (Table S1).
Centrifugal results are interpreted in a binary fashion, with “intact” meaning that the majority of the particles were
still inside the gel at the specified speed and “broken” meaning that the majority had broken out of the gel.

We observed that when one particle breaks through a sample, the rest of the particles in that well
would usually break through all at once. We thus define the critical centrifugal speed as the
midpoint between the highest speed at which a sample was intact and the speed at which most of
the particles broke through the sample. Critical centrifugal speed was observed to be independent
of the duration of centrifugation above ~30 seconds. To investigate whether the number or
location of particles in a well has any effect on the critical centrifugal speed, we compared our
results from several particles in a flat-bottomed well to results obtained from a single particle in
the center of a U-shaped well. The critical centrifugation speed was consistent across both
scenarios (Figures S1 and S2), which suggests that the number and location of particles in each
well is not significant.

To correlate our results to those from more classical mechanical tests, we compared them to
related mechanical properties. We observed a serendipitous correlation between the shear
modulus of the triblock gel measured by oscillatory rheology and the centrifugal acceleration at
which that gel fractures (Figure 2b). To determine the origin of this correlation, we first
hypothesized that the correct metric for the material strength is the centrifugal force at break
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normalized by the particle’s cross-sectional area, i.e., a “centrifugal stress,”

Front §7TR 3acentAp

Ocent = A = R? = §RacentAp #(1)

where R is the particle radius, Ap is the difference between the densities of the particle and the
gel, and a..,, is the centrifugal acceleration. To test this hypothesis, we repeated the
centrifugation experiment while varying the size and density of the particles. There is excellent
agreement of critical centrifugal stress across different particle sizes and densities over almost an
order of magnitude (Figure 3). This suggests that critical centrifugal stress is the correct metric
for interpreting our results because it normalizes for the particle size and density, allowing for

direct measurement of the material’s inherent strength.
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Figure 3: Critical centrifugal stress (Equation 1) for different gel concentrations, with particles of different
diameters (a) and densities (b). Results were consistent across different particle types (Figure S3). Centrifugation
was performed in a 96-well plate, and 100 uL of triblock gel solution was added to each well.

To investigate the mechanism of gel fracture in our centrifugation method, we set up a similar
experiment in which we physically pulled a particle out of a gel using a thin wire (Figure 4). As
the wire was connected to an inchworm motor, load transducer, and optical sensor, we could
directly measure the force and displacement during the pulling process. A side camera also
enabled visual monitoring. To estimate the forces on the particle alone, we ran a control
experiment consisting of a wire with no particle. After subtracting the load of this control
experiment from the total load (Figure S4), we found that the force on the particle increases
nonlinearly from zero, when the particle is at the bottom, to a plateau value (Figure 4b). This
plateau is reached at a displacement of ~0.5 mm for a 3 mm diameter particle, and the force
eventually falls off when the gel completely fractures.
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Figure 4: (a) Diagram of particle pulling experiment with full camera image shown before pulling began. (b) Load-
displacement curve for particle pulling experiment after wire load was subtracted from total load (Figure S4). A 15
mm tall 10 wt% triblock gel in a small glass container was used for this experiment, with a 3 mm diameter stainless
steel particle starting at the bottom surface. Zoomed-in images are shown for the starting point, when the force
plateaus, just before fracture, and just after fracture. The scale bar is 2 mm, and all images are at the same
magnification. (c, d, e) Analytical solution for the displacement field, pressure, and maximum shear stress around

particle that has moved a distance in the +z direction in an infinite medium, in the frame of reference of the particle.

g 1 2

b=
N

Direct quantitative comparison of pulling the particle using a wire vs. centrifugation is difficult
because of a few issues. Generally, we observed that adhesion of the gel to the wire contributes
between 60% and 85% of the total measured load at fracture (Figure S4). Even after subtracting
the wire’s adhesive force, the pulling force drastically underestimated the centrifugal force that
one would expect for a particle of similar size and density (Figure S5). To explain this, we
hypothesize that the wire generates a pathway of broken gel that the particle easily tunnels
through as it moves up, while the gel above the particles is pristine in the centrifugal experiment.
The presence of the wire thus limits the quantitative results we can draw from this experiment.

Nevertheless, the wire pulling experiment contributes an important insight into our analysis of
the mechanics of centrifugation. While the plateau in pulling force does not quantitatively match
the centrifugal results, it does correspond to when the particle experiences its maximum force,
which only occurs when the particle is a considerable distance away from the bottom surface.
This suggests that if a particle begins at the bottom surface, the critical centrifugal force at break
should be the same as if the particle had begun far away from the bottom. While we could not
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perform this specific comparison in the centrifugal test, we instead varied the thickness of the gel
above the particles on the bottom surface of the well plates (Figure S6). We found that as this
thickness increased above a few particle diameters, our results were generally insensitive to the
thickness (until it was so large that the centrifugal force exceeded the tensile strength of the gel,
and the gel itself broke out of the well plate). This is all consistent with the same picture: a
particle that begins at the bottom of the well plate must eventually move up, through the entire
gel, before it breaks out. The critical centrifugal stress for a particle starting at the bottom surface
should thus be identical to that of a particle in an infinitely large gel.

The stress and strain fields associated with a force exerted on a solid sphere in an infinite elastic
medium have a well-known analytical solution. From the frame of reference of a particle of
radius R that has moved a distance U in the +z direction (up), the deformation field (Figure 4c¢) in
the surrounding medium is given by,

won=vesd -3 +30))

S R

r

using a cylindrical coordinate system where r represents the radial distance from the center of the
particle and 6 represents the angle from the +z direction (up). The force on the particle is given

by,

F = 6nGRU, #(3)

where G is the shear modulus of the medium. Here we assume that the medium is
incompressible, and so by the correspondence principle of viscoelasticity,3%-3¢! this situation is
identical to the familiar fluid mechanics problem of Stokes flow around a sphere.?”] This
correspondence is further discussed in the Supporting Information. Prior to failure, the upward
force on the sphere from centrifugation is exactly counterbalanced by a downward force that has
contributions from the hydrostatic pressure (Figure 4d) and shear forces at the sphere’s surface.
As pressure does not cause failure unless it reaches the regime of cavitation, we investigate
failure by only considering the shear stress, and we plot the maximum shear stress experienced
throughout the medium, given by,

1
Tmax = Elo'max - O'minlp #(4)

where o, and oy, are the largest and smallest principal values of the stress tensor (Figure 4e).
Note that this is the measure used in the familiar Tresca yield criterion.[*8] We observe that there
are local maxima above and below the particle at positions r = +/2R, where the gel experiences
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uniaxial compression and tension, respectively. Notably, the highest stress regions occur closest
to the sphere’s surface at the equator (8 = 90°), where the deformation mode is simple shear.
Although we reach this conclusion by examining the Tresca stress measure, we note that the
stress at these regions is much higher than anywhere else in the material, so selecting other
failure criteria will ultimately result in the same conclusion. Therefore, during centrifugation the
gel first breaks near the equatorial surfaces.

Because the point of failure occurs at a region experiencing simple shear, we can potentially
determine the correct mechanical property corresponding to the critical centrifugal stress by
comparing the stress fields to a shear rheology experiment. The shear stress at the equatorial
surfaces is given by,

10u, 9 (ug
Or9=2Gg9=0G 790 + T'a(?)

3GU#5

r=R0=90°
The failure criterion occurs when this shear stress exceeds the critical stress at fracture measured
by a shear rheometer, 6,9 > T, 1.6. Bingham number is less than unity. After applying Equations
3 and 5 to this inequality, the criterion becomes,
3G( F
ﬁ(m) > Terit

F
ﬁ > 4‘Tcrit #(6)

Note that the left side of this inequality is simply the centrifugal stress (Equation 1),

Ocent > 4‘Tcn‘t #(7)
Our centrifugal experiment is thus a quantitative measurement of the fracture stress as measured
on a shear rheometer, and this inequality predicts a quantitative mapping between the two
techniques.

We can test this key prediction by performing shear rheology on triblock gels over the same
range of concentrations as in the centrifugal experiment. We interpret our centrifugal method as
a quasi-static test, as stress is ramped up during startup until fracture occurs at maximum stress.
Because of this, we chose to compare our centrifugal results to those from a static shear stress
growth rheology experiment. We found that the critical 6., values from Figure 3 are readily
superimposable with the results from the rheometer, linearly shifted by the factor of 4 from
Equation 7 (Figure 5a). This agreement is remarkable and worth additional emphasis, as the
prediction from our analysis was confirmed with no fitting parameters, and the centrifugal test
indeed quantitatively measures the shear fracture stress of the gels. To further confirm this, we
performed both centrifugal and shear rheology tests over a range of hydrogels composed of
chemically crosslinked polyacrylamide (PAM). This new system was selected as a completely
different category of soft material compared to the triblock gels, using water vs. organic solvents,
crosslinked through covalent bonds vs. physical associations, and containing different
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microstructures and fracture mechanisms. However, the agreement between the two techniques
was similarly striking in the PAM hydrogels (Figure 5b), confirming that our centrifugal method
and its analysis are extremely robust, even for quantitative measurement.
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Figure 5: Correlation of critical centrifugal stress to shear fracture stress for triblock gel (a) and PAM gel (b).
Centrifugation for triblock gel was performed with 1 mm diameter stainless steel particles in a 96-well plate with
100 pL of triblock solution added to each well. Centrifugation for PAM gel was performed with 1 mm diameter
stainless steel particles in a 384-well plate with 40 uL. of PAM solution added to each well. Fracture stress was
measured by linearly ramping up the strain in continuous rotation of a parallel plate geometry and recording the
maximum stress at break. (¢) Fracture stress divided by the shear modulus for triblock and PAM gels. (d)
Correlation between centrifugal results and shear modulus for PAM gel.

The success of our centrifugal method requires that there is no debonding between the gel
samples and the bottom of the well plate. If debonding were to occur, failure would be observed
at an artificially low centrifugal speed because the particles never penetrate through the gel.
Several scenarios could potentially cause debonding or similar behavior. Larger amounts of
sample in each well results in larger centrifugal forces at the sample-plate interface, causing
adhesive failure at the interface or cohesive failure in the material if this force exceeds the tensile
strength of the gel. We took pains to avoid this in our experiments (Figure S6). An excessive



Materials Horizons

12

number of particles could also cause debonding, by adding to the sample mass during
centrifugation, and potentially introducing unnecessary defects at the sample-plate interface. We
investigated this effect by confirming that the critical centrifugal stress is similar for a single
particle in a well vs. several particles (Figure S1 and S2), though we never explored a full layer
of particles covering the bottom of the well plate. Finally, debonding is obviously problematic
when there is poor adhesion between the materials comprising the sample and the well plate. In
our triblock gel system, this material naturally adheres to common polypropylene plates, and no
debonding was observed. In PAM hydrogels, the water-based materials do not easily adhere to
plastic, so debonding is potentially a severe issue.

To avoid debonding during centrifugation of our PAM hydrogels, we used separable glass-
bottomed plates, which were surface-functionalized with methacrylamide groups that covalently
bond with the network (Figure S7). Our solution here is widely applicable to other classes of soft
materials, as other functionalization schemes could be easily adapted by choosing a silane
coupling agent that can bond to the chosen material. For some systems, storing the functionalized
plates in a cool, dry environment is required to ensure long-term stability of surface treatment.
Using high-density particles such as stainless steel or tungsten carbide is optimal for promoting
adhesion between the samples and the plate, because the acceleration required to cause fracture
is lower, so there is less occurrence of debonding. Moreover, because material fracture occurs
rapidly when the critical centrifugal stress is exceeded, it is recommended to utilize short
centrifugation periods (30 seconds or less) to avoid placing unnecessary excess stress on the
point of adhesion to the plate. While we took pains to avoid debonding of the PAM hydrogel at
the bottom of the well plate through surface functionalization, no such effort is necessary for the
surface of the particles. This is because the shear stress in the material is maximized at the
interface with the spheres, at the equatorial region as our analysis showed (Figure 4¢). Therefore,
adhesive failure at the particle-gel interface is indistinguishable from cohesive failure, which
would also occur at the same location. Centrifugation thus removes the particles from the
material through decohesion.

The serendipitous correlation with shear modulus in the triblock gels (Figure 2b) can be
explained by noting that the ratio of fracture stress to shear modulus at break (i.e. critical strain)
in shear rheology happens to be relatively constant with concentration above a certain point
(Figure 5c). Specifically, 1. ~ 6G for triblock gels above ~8 wt%. A similar constant trend is
observed in polyacrylamide for higher percentage gels, and thus the shear modulus correlates
well to the centrifugal fracture stress in this system as well (Figure 5d). Thus, in cases where
critical strain is constant, our centrifugal method can also be used as a measure of mechanical
modulus, even though it quantitatively measures the fracture stress.

The quantitative agreement between Equation 7 and Figure Sab implicitly assumes that shear
stress at the point of failure (shown in Figure 4e) directly leads to the actual force required to pull
the particle out of the gel during centrifugation. This assumption deserves further analysis,
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particularly as the force to continue pulling the particle through the gel after initial failure, i.e. a
propagation force, may also be significant. The propagation of this fracture process is equivalent
to the puncture experiments of Fakhouri, et al.,3%) where an indenter with a spherical tip is
pushed through identical triblock gels as in our experiment. In that study, the indentation fracture
stress was determined to be Gjpgent ~ 10G, Where Gjpgen is defined as Fipgen/tR?, similarly to
Equation 1 here. However, our study determined the critical centrifugal stress was Ge ~ 24G, as
this 1s ~4 times the 7. shown in Figure 5c for the triblock gels. As 6.y 15 significantly larger
than oj,4.n¢ Which is equivalent to a propagation stress, we confirm that the stress to initiate
failure dominates the fracture process, as expected. Our centrifugal method thus measures Ge =
41, as we have defined.

Our method can measure fracture stress over multiple orders of magnitude. Here we show strong
agreement between 3 and 50 kPa for PAM hydrogels. However, it is possible to extend the
dynamic range of this method even further by using higher density particles, larger particles, or
higher centrifugal speeds. For example, a centrifugal test at 4700g with 1.5 mm diameter
tungsten carbide particles could reach a centrifugal stress of over 640 kPa, which could break
much stronger gels.

To demonstrate the high throughput of our method, we performed a test using every single well
of a 384-well plate. We deposited 3 different PAM concentrations with different strengths into a
predetermined pattern, and then photographed the plate from the top after multiple spins in the
centrifuge (Figure 6). With four 384-well plates able to fit in the centrifuge, our method can
characterize up to 1536 samples at once. Preparing samples and running a full centrifugation
sweep across multiple speeds can take up to a few hours, dramatically improving the throughput
of mechanical characterization. If more thorough data collection is required, our method can be
followed up by classic mechanical testing on a smaller subset of the best performing candidates
from our method. In this way, our method is well-suited to complement classic mechanical
testing by offering the ability to quickly characterize large libraries of materials at once while
requiring only common equipment and inexpensive consumables.
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Figure 6: Full 384-well plate centrifugation experiment using 1 mm diameter stainless steel particles. (a) Pre-
determined pattern of material samples. 40 uL of polyacrylamide solution at the specified weight percent was added
to each well. (b) Photographs of experimental results of full plate experiment. The plate is shown from the top after
centrifugation cycles at different speeds, so particles are only visible once they break out of the gel. Particles start at
the bottom of the wells, so none are visible prior to centrifugation, and more particles in the pattern become visible
at higher speeds. A post-processing algorithm was used to artificially color the particles green for better visibility
(Figure S8).

3 Methodology

Materials Synthesis

PMMA-PnBA-PMMA copolymer was obtained from Kuraray Co. and used as received. The
molecular weight of the PMMA endblocks was 25,000 g/mol, the molecular weight of the PuBA
midblock was 116,000 g/mol, and the polydispersity of the copolymer was ~1.16. Triblock
copolymer was dissolved in 2-ethylhexanol solvent at 140°C at the desired concentration and
subsequently cooled to room temperature to solidify the resulting gels. Polyacrylamide gels of
varying concentration were prepared by diluting a 30 wt% stock solution with a 37.5:1 ratio of
acrylamide to bisacrylamide (Bio-Rad). Each polyacrylamide gel additionally contained 0.1 wt%
ammonium persulfate initiator (Bio-Rad) in water, and 0.077 wt% tetramethylethylenediamine
(TEMED, Bio-Rad). Polyacrylamide gels were left to react for 30 minutes before
experimentation to ensure that gelation had finished.

Centrifugation

Stainless steel particles were purchased in diameters of 0.7 mm (Cospheric Inc.), 1 mm (MSE
Supplies LLC), and 1.5 mm (Life Science Products). Tungsten carbide particles (1 mm diameter,
MSE Supplies LLC) and yttria-stabilized zirconia particles (0.9-1.1 mm diameter, MSE Supplies
LLC) were also purchased. For accurate and consistent results, it is necessary to add only a
single layer of particles to each well in the plate. To accomplish this, particles were first poured
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into each well such that the bottom of the well was completely covered. We then attached a
polypropylene adhesive plate seal (Thermo Fisher Scientific) to the top of the plate and inverted
it, causing a single layer of particles to stick to the adhesive. Next, we removed this cover and
poured out the excess particles from the plate. We then put the adhesive sheet back on the well
plate and centrifuged it at 4700g for 30 seconds to get the particles to detach and fall back into
the wells, resulting in a single layer of particles in each well.

Next, the material samples were added to the wells. PMMA-PrBA-PMMA samples were heated
to 140°C to allow pipetting, and polyacrylamide samples were pipetted immediately after the
TEMED was added and before gelation occurred. For 96-well plates (Greiner CELLSTAR® 96
well plates), 100 puL of each sample was added to the well; for 384-well plates (PolyAn), 40 uL
of each sample was added to the well. This results in a gel of height ~2.1 mm above the 1 mm
diameter particles in the 96-well plate, and a gel of height ~2.6 mm above the | mm diameter
particles in the 384-well plate. After depositing the samples, the plate was covered with a fresh
adhesive sheet and left to sit for 30 minutes to allow the samples to solidify before centrifugation
was performed.

Centrifugation was carried out in a benchtop centrifuge (Sorvall Legend XFR centrifuge with a
TX-750 swinging bucket rotor, Thermo Scientific). After the samples solidified in the covered
well plate, a photo was taken of the plate. Then, the plate was placed top-down in the centrifuge,
such that the top of the well plate would face outwards while spinning. For the triblock gel with
stainless steel particles, we centrifuged the plate at increments of 250g up to 1750g. For the
polyacrylamide gel with stainless steel particles, we centrifuged the plate at increments of 500g
up to 4000g. In both cases, the centrifuge was run for 30 seconds at each desired speed. After
each spin, the plate was removed, and photos were taken of the plate to document the state of
each sample. The speed was increased incrementally until all samples were broken.

Particle Pulling

Particle pulling was performed using a custom apparatus as described in Wang et al.[*?] A hole
was drilled into a 3 mm diameter stainless steel particle, and a 0.01-inch diameter metal wire was
then glued into the hole and connected to the piezoelectric stepping motor of the custom
apparatus. The particle and wire were then lowered into a small cubic glass container until the
particle was barely touching the bottom. PMMA-PrBA-PMMA triblock gel (7 mL) was heated
to 140°C until it liquified and then poured into the glass container with the particle, resulting in a
15 mm tall gel. After waiting 15 minutes for the gel to cool and fully solidify around the particle
and wire, the particle was pulled upwards at 20 pm/s. The custom apparatus measured the
displacement and force at each point using an optical sensor (Philtec) and a load transducer
(Honeywell), respectively. The particle was pulled until the gel fractured, at which point a sharp
decrease in force was observed.
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Rheological Measurements

Rheological measurements were carried out using a stress-controlled rheometer (DHR-2, TA
Instruments, New Castle, DE) at 25°C with a 25 mm parallel plate geometry with a 500 um gap.
The storage (G') and loss moduli (G") were recorded over a frequency range of 0.1-100 rad/s at
5% strain (Figure S9). Stress growth tests were conducted at 0.05 s*! to obtain the fracture stress
and the critical strain of each sample (Figure S10). The fracture stress and the critical strain were
recorded at the highest stress reached during the test. Prior to loading the triblock samples, the
samples were heated on a hot plate at 155°C for at least 20 minutes, and the Peltier plate of the
rheometer was set to be 95°C. Samples were then loaded on the rheometer and the geometry gap
was set to be 500 pum initially. The Peltier plate was then set to be 25°C and the axial force
control was activated while cooling to compensate for thermal shrinkage. Testing on triblock
gels began 10 seconds after the sample reached 25°C. PAM gel samples were made in situ on the
Peltier plate and cured for 30 minutes before testing. Initiators and catalysts were first added to
vials containing monomer solutions and mixed before loading on the rheometer. The geometry
gap was set to be 500 pm initially, and the gel formed at 25 °C with the axial force control
activated.

Surface Functionalization

We purchased separable well plates from PolyAn and Grace Bio Labs. This allowed us to
functionalize the glass bottom separately before attaching the plastic wells on top. (3-
methacrylamido)triethoxysilane (Gelest) was used as a silane coupling agent for the
polyacrylamide gel. First, the glass bottom of the 384-well plates was heated in Piranha solution
at 80°C overnight. Following this, the glass was removed from the solution, rinsed with diH,O,
and dried thoroughly. The glass was then submerged in silane coupling agent (5 vol%) in toluene
(95 vol%) and heated again at 80°C overnight. After this, the glass was removed from the
solution, rinsed with acetone, and fully dried once more. The plastic wells were then attached to
the glass plate bottom with pressure-sensitive adhesive, forming a tight seal.

4 Conclusion

We have developed a high-throughput colorimetric centrifugal method to measure the bulk
fracture stress of soft materials using only common laboratory equipment and inexpensive
consumables. Sample preparation is simple, and the colorimetric results are immediately
interpretable by the naked eye. Furthermore, we have been able to better understand the
mechanisms of fracture through close observation of a related particle pulling experiment. Most
importantly, we can quantitatively correlate our centrifugal measurements to those from a more
standard rheometer test without requiring any fitting parameters or calibration. Our method can
dramatically cut down on the time required to measure bulk mechanical properties of large sets
of materials, helping to alleviate the bottleneck of materials characterization in combinatorial or
high-throughput experiments. We hope that our method improves the accessibility of high-

Page 16 of 20



Page 17 of 20

Materials Horizons

17

throughput mechanical testing, expedites materials discovery and optimization, and inspires the
development of additional high-throughput methods to measure other mechanical properties.
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As machine learning becomes more and more transformational in our materials community, it is
increasingly important to support these efforts with simple approaches to accurately measure large
libraries of materials properties. While most common experimental approaches rely on robotic
measurement, not all materials scientists have access to large capital equipment budgets or in-house
automation support teams. To enable the masses to contribute to the new revolution in Al-based
materials design, there is a crucial need for clever and elegant methods that can quantitatively
measure properties at high-throughput, using only common lab equipment and inexpensive
consumables. Here, our work demonstrates one such approach, that can measure the mechanical
properties of soft materials. Our key concept is the use of centrifugation, which can apply a uniform
force to many samples, and is readily available to most research labs. This is thus a natural vehicle
for multiplexing, and we hope that readers are inspired by our work to think about creative uses of a
centrifuge for their own needs. Additionally, we apply careful analysis of the underlying mechanics
to show that our technique is much more than a screening tool, as it can quantitatively measure
modulus and fracture strength with similar accuracy to more standard methods.



