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Supplementary Text 

1. Mechanical Testing methods
1.1. Fluid force microscopy (FluidFM)
Force distance curves of hydrogels were acquired using fluidic force microscopy (FluidFM), which
is an atomic force microscopy (AFM) based technique.(37) FluidFM setup consists of a FlexAFM-
near-infrared scan head driven by the C3000 controller with the EasyScan2 software (Nanosurf
AG, Switzerland), a pressure controller (Cytosurge AG, Switzerland), a hollow microfluidic probe
(Cytosuge AG), and an inverted microscope (Axiovert, Carl Zeiss, Germany) with a CMOS
camera (Hamamatsu ORCA-Flash camera). Commercial tipless silicon nitride probes (Cytosurge
AG) with a 2-μm circular aperture were used. The spring constants of the probes were calibrated
using the thermal tuning method, having a measured value of 0.3 and 2.5 N/m. The deflection
sensitivity was also carefully calibrated by averaging the slopes of deflection versus voltage of
four forward force spectra measured on glass in PBS (Thermofisher, USA) before each
experiment. A fluorescent polysterene 4/6 μm bead (Degradex, USA) was fixed with negative 800
mbar pressure underneath the tipless probe filled with PBS.(37) The reversibility of changing bead
underneath also ensures a clean contact with the hydrogel surfaces. The microgels were
sedimented on the petri dish in PBS. Each microgel was selected optically and approached with
20 nN at 2 µm/s. The diameter of the bead is optimized for the indentation depth and indentation
force. Acquired force distance curves (F, 𝛿) were fitted using Hertzian model to extract the
Young’s moduli: E, assuming a spherical contact with corresponding radius: Rindenter of the
fluorescent bead, and a Poisson’s ratio, n, of 0.5.(81)

     (S1) 

1.2. Compression testing 
To compare the Young’s moduli, E, and determine the Poisson’s ratio, n, of our PEGNB hydrogel 
networks, we performed compression tests with a TA XT Plus Texture Analyzer (Texture 
Technologies). 5 mm hydrogel disks (h = 1 mm) were prepared and the force, F, vs distance, d, 
was measured while indenting (0.02 mm/s approaching speed) with a cylindrical flat punch (2 mm 
diameter). During indentation of the material, force increases linearly with displacement. Based 
on linear elasticity, the slope of this curve yields E via the following equations: 
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where G was determined from oscillatory rheology of bulk hydrogels. 
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2. Computational details and models
2.1. Determination of microgel size distributions
Bright-field images of microgel populations (at least 100 microgels) were taken on a glass slide
using Nikon Eclipse Ts2 inverse microscope after droplet collection and subsequent cross-linking.
Particle size distributions were analyzed using ImageJ software with standard built-in functions.
The images were first converted to binary and thresholded according to their contrast. In cases
where microgel borders were overlapping, the watershed function was used. Particle analysis
function was applied to analyze each particle area, the average particle area, and the particle count.
From the analysis, particle size distribution was calculated and plotted as a histogram of particle
size versus frequency.

2.2. Quantification of microgel deformations 
Microgel deformations were calculated from the obtained fluorescent images using an inverted 
confocal laser scanning microscope (LSM 780, Axio Observer; Zeiss) using an EC Plan-Neofluar 
10x/ 0.30 Ph1 M27 objective. Each confocal image (1024 × 1024 pixel resolution, 1.384×1.384 
µm pixel size) was obtained in z-stack (300 µm stack depth, 8 µm step size). Microgel packings 
in FITC-dextran loaded PBS were excited at a wavelength of l= 488 nm, and the emission was 
detected at l = 500–525 nm. The z-stack.czi images were exported as TIF RGB images into ImageJ 
and analyzed using a custom-made Macro. Briefly, an in-focus slice of microgel layer was 
selected, converted to binary and thresholded according to their contrast. After setting the scale, 
microgels in the slice were identified using particle analysis function. Using particle centers, 
circles were fitted and overlaid onto each microgel detected. Subsequently, the extent of overlap 
of the fitted circles were measured to estimate the extent of deformation on microgel surfaces. 

2.3. Energy dissipation 
Dynamic yielding process observed in many soft materials involve a transition from solid-like to 
liquid-like behavior. During oscillatory shearing, these materials exhibit an overshoot in loss 
moduli, G′′ which is often termed as the Type III behavior.(47) For colloidal gels, the this effect is 
believed to originate from cage constraints that the particles are under the influence of.(82) Since 
Brownian motion is absent in granular scale microgels, we proposed that their repulsive contact 
probably play a role in the G′′ overshoot. 

Following the methods published earlier, loss moduli, G′′, measured from strain sweep tests were 
normalized to their plateau values to remove the background dissipation. Normalized curves were 
fitted to a log-normal function using MATLAB. In cases where scattered background dissipation 
was observed, scattered data points were removed from the fitting function in order not to 
underestimate the overshoot (Figure S15). 
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Fitted curves were then integrated over the strain interval, which gave an estimation for energy 
dissipated per unit volume via Equation S5. 

The dynamic moduli in strain sweep tests are cycle averaged values of energy storage and 
dissipation. Large-amplitude oscillatory strain (LAOS) measurements provide a time-resolved 
picture of the complex yielding and energy dissipation process.(83) In a typical elastic Lissajous-
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Bowditch (LB) projection, time periodic oscillatory stress (σ)	responses are plotted against the 
imposed strain. At low strain amplitudes, elastic LB projections are ellipses, indicating 
predominantly elastic material response. As the strain amplitude is increased, the elliptical shape 
of the response distorts, indicating non-linear behavior and the existence of unrecoverable energy 
dissipation. The energy dissipated per unit volume in a LAOS cycle can be interpreted by 
calculating the area enclosed by the LB curve according to Equation S6.  

   (S6) 

As the LB curve for a perfectly plastic response is always a rectangle that encloses the measured 
response, perfect plastic dissipation (PPD), a dissipation ratio can be determined by normalizing 
the	 by the PPD (Equation S7), which allows comparison of the dissipation behavior across 
samples. 
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2.4. Affine and Phantom network models 
Rubber elasticity theory explains how deforming polymer chains in a cross-linked network causes 
a reduction in entropy, which results in an entropic restoring force (of order RT per mole of 
elastically active network strands) that causes the polymer chains to return to their equilibrium 
state. Based on this, the number of elastically active network strands, n, can be used to estimate 
the shear modulus, G, of a network through G0, affine = nRT.(84) Fluctuations of the cross-links are 
considered in the phantom network model by deducting the total concentration of cross-links, µ, 
from n, giving G0, phantom = (n-µ)RT.(85) To predict the bulk hydrogel shear moduli, we used the 
phantom network model. Assuming rapid step-wise kinetics of thiol-ene chemistry, we considered 
macromer PEGNB cross-linking with full reaction efficiency, p=1. From the 1H NMR 
measurement, we determined the functionality of the 8-arm PEG-NB polymer to be f=6. 
Accordingly, we find µ = [M] and n = 3[M], where [M] represents the polymer concentration. 
Therefore, the shear moduli can be written as Equation S8. 

(S8) 

Figure S2 shows the scaling of shear modulus of PEG-NB bulk hydrogel networks as a function 
of polymer content predicted according to Affine and Phantom network models. The measured 
shear moduli of bulk hydrogels (indicated in blue) were lower compared to the estimated values 
possibly due to network defects. 

2.5. Hertzian contact 
We hypothesized that in the LVE region, the macroscopic stress in the material originated 
primarily from the normal component of the contact forces. This was based on the assumption that 
the contacts were pairwise and the asperities (surface roughness) were much smaller than the size 
of the particles, thanks to the microfluidic templating method that gives rise to highly spherical 
particles. The solution of the Hertz contact problem is therefore a reasonable representation of 
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pairwise contacts for granular hydrogels in the LVE region as the model assumes small amplitudes 
of strain. According to Hertzian elastic contact, the normal force, FN, dictates the indentation depth, 
d, of the contactnng partncles of radnus R0 and depends on the contact modulus, E* of the pair.(55) 
We calculated microgel deformations using the Hertzian contact model that provides a relationship 
between applied force and material deformation according to Equation S9. 

(S9) 

We considered that the microfluidic production result in low dispersity (𝑅,,8 ≈ 𝑅,,( = 𝑅*) and 
each microgel is chemically identical (𝐸,,8 ≈ 𝐸,,( = 𝐸). Therefore, E* and R* can be calculated 
via Equation S10 and S11 respectively, where up,1 and up,2, and Ep,1 and Ep,2 represent the 
Poisson’s ratio and the Young’s modulus of the interacting microgels respectively. 

(S10) 
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Therefore, for two body elastic contact the equation can be expressed according to Equation S12. 

(S12) 

Direct measurements of G0 via atomic force microscopy nanoindentation methods is possible, 
however with the aim of developing a simple descriptive model, we assumed that the microgel 
modulus was the same as the bulk shear modulus, G0,bulk measured using shear rheometry or 
estimated using the Phantom network model, G0,phantom (Figure S2). 

(S13) 

Particle deformations upon jamming give rise to strong repulsive interactions, acting 
perpendicularly to the contacting facets. It was shown that for granular-scale particles, around 
random close packing the internal polymer concentration doesn’t change and no osmotic resistance 
is measured upon contact, unlike colloidal particles.(86) Therefore, the repulsive potential is an 
appropriate way to represent the interactions between microgels, as represented in Equation S13. 
Particle deformations give rise to strong repulsive interactions. The broad implication of Hertzian 
contact on the granular hydrogels is that V(r) is zero for microgels that are not in contact and 
increases dramatically with increasing particle deformation. 

2.6. Estimation of contact forces 
In order to estimate the microgel deformations created in the hydrogel packings through Hertzian 
contact model, knowledge of the contact force is necessary. Force distribution is a consequence of 
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the applied load on the granular hydrogels, which leads to finite effective forces on each particle 
pair. As exact measurement of microgel contact force, FN in a packing is not possible, we set out 
to determine lower and upper bounds that allowed us to approximate the order of magnitude FN 
upon contact. Accordingly, we started with the total applied force, F and implemented a mean-
field approach to force distribution. The force transducer of the rheometer recorded values of F = 
0.01 N during oscillatory shear measurements, whereas the gravitational force on the granular 
hydrogel packing is approximately F = 0.005 N, considering the weight of the hydrogel packing 
of the geometry (as the packing is able to hold its weight without any external load) according to 
Equation S14      

 (S14) 

where rplate = 8 mm determined by the measuring plate and h = 1mm set by the z-stage of the 
rheometer. 

Accordnng to thns geometry, we determnned an estnmate of the number of mncrogel layers and 
number of mncrogels nn each layer. Wnth thns lognc, the number of mncrogels nn each layer equally 
share the total force F, and each mncrogel column transmnts the force perpendncular to the Peltner 
plate. Consequently, we forecasted a lower bound of FN = 0.02 µN and an upper bound of FN = 0.4 
µN per microgel contact for microgels of size Ø = 55 µm. The average FN was fixed in all packings 
comprising identical microgel size, since the packing fraction under the centrifugal jamming 
conditions is unaffected by microgel stiffness. However, for packings of different microgel sizes 
will result in different FN. The scaling for FN was calculated again according to an approximation 
of the vertical load bearing columns that consist of microgel surfaces in the packing. The number 
density of microgels will vary as fewer microgels of larger size can be packed into the measuring 
geometry. Thus, FN is inversely proportional to the number of load bearing columns and the square 
of microgel diameter, (2R0)2. Ultimately, we estimated that the larger microgels have higher FN 
associated to the pairwise contacts Figure S24. 
 
2.7. Random close packing generation for microgels 
The determinant of mechanical stability in dense suspensions is the presence of sufficiently high 
number of contacts, defined by the isostatic number, ziso, above which the packing does not allow 
collective particle motions.(22,87) Spatial arrangement of a random packing of hard spheres can 
be described in distinct volume fractions, j. Packing limits such as random loose packing (j = 
0.60) and random close packing (j = 0.64) exist since the spheres cannot be compressed.(88) 
Conversely, such limits are difficult to obtain for soft elastic spheres as their contacts will give rise 
to less steep interaction potential, V(r), and particles can be deformed to large extents. Indeed, 
studies on compressed colloidal suspensions showed that φ values above jRCP can be achieved via 
mechanical or osmotic compression.(89) As a result, flat facets can be formed due to dramatically 
increased deformations on the particle surfaces. 

In order to represent the contact landscape of the microgel packings, we considered a random 
close packing of hard spheres that can later be modified to account for the microgel 
deformations. Such packings can be computationally generated for both monodisperse and 
polydisperse systems via Lubachevsky–Stillinger and force-biased algorithms.(64,65) We used 
an open source program, based on the work of Baranau et al. that implements a force-biased 
algorithm and using particle velocities and fast compression rates to simulate closely jammed 
configurations and determine corresponding densities.(90) We calculated the number of 
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microgels, n of each size in the packings according to Table S5 
Table S5. by accounting for the tigher random close packing compared to simple cubic ordering 
of the microgels. Here, for the ease of simulation, particle diameters were kept as unity (d = 1) and 
the spatial coordinates of the sample were changed such that the ratio between and the volume of 
the particles, Vparticle and the box volume, Vbox (described in Equation S15) was maintained. 

  (S15) 

With n and Vbox as input parameters, packings of different building block sizes were generated that 
resulted in the expected j = 0.64. We noted that there is a slight deviation of Vbox from the real 
volume, V, which is a cylinder. 

   (S16) 

One of the elements that can be harvested from the packing simulation is the geometrical 
coordinates of the particles and therefore the particle count at each location, R(r). This particle 
count can be represented in the form of radial distribution function, g(r), which describes the 
probability density of finding a particle at a distance r from the reference particle (Equation S16). 
For hard sphere packings, the pair probability strongly peaks at the radial separation r which is 
twice the particle radius 2R0. Likewise in the generated random close sphere packing, particles are 
in point contact, which corresponds to a large peak at exactly two-particle radii distance with no 
peak spread 2R0 = r. The peak of g(r) is independent of the average particle size and only 
dependent on the microstructure, therefore the packing was post-processed by scaling the radial 
distances to particle size range while storing the correct particle coordinates. Therefore, d can be 
conveniently expressed according to Equation S17. As the packing characteristics were 
independent of microgel size and were generated in dimensionless units, we returned the obtained 
numbers to micron scale coordinates. 

   (S17) 

2.8. Zwanzig and Mountain model 
A condensed system of monoatomic fluids shows an elastic response to applied mechanical force. 
Zwanzig and Mountain provided a statistical mechanic approach and presented a general 
expression for this elastic response.(66) The expression implements the reduction of the frequency 
dependent shear modulus, G∞, into a two-body form via 

(S18) 

 

where N is the particle number density (n/V), kb, the Boltzmann constant, T the absolute 
temperature, g(r) the radial distribution function with r the center separation, and V(r) is the pair 
interaction potential. As the model assumes spatial isotropy, V(r) is strictly central for all 
interacting pairs. Hence, by integrating the pair interaction over radial distances and considering 
the number of interactions per volume, the macro-scale elastic modulus is elucidated (Equation 
S18). 
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Originally, the model was developed to relate the macro-scale response to the interparticle 
interactions when V(r) has the Lennard-Jones (LJ) form. Later, Elliott and Russel showed the 
applicability of the expression to dense colloidal systems with repulsive Hertz potentials.(91) For 
systems that have LJ type potential, direct contact between the pairs is not necessary to have a non-
zero contribution to the elasticity. However, for Hertz type potentials, it is implicit in Equation 
S18 that only particles that contact and deform one another contribute to the observed macro-scale 
modulus. Therefore, the expression considers the overlap of particles and the relative distance of 
particle centers. At the granular scale, the thermal contribution, kbT, to G∞ is negligible as 
Brownian motion is absent. Hence the equation is simplified into Equation S19. 

(S19) 

The model was implemented previously also to demonstrate power law behavior for the volume 
fraction dependence of non-colloidal suspensions.(41,67) In these studies, by assuming g(r) 
sharply peaks and using a delta function as an approximation of the radial distribution function, 
explicit estimations of particle overlap was discounted. Conversely, for our granular hydrogels, 
we estimated that the volume fraction upon centrifugal jamming conditions is similar to the close 
packing of hard spheres. Therefore, it is reasonable to assume that g(r) of microgels in the packing 
has the shape of random close packing of spheres, obtained from the LS packing generation. In 
addition, we treat the packing such that affine movement of microgels is induced during 
deformations in the linear viscoelastic region.  Based on these assumptions, the inference of a non-
zero Gp can be calculated using numerical integration of the expression containing the radial 
distribution of microgels and their pairwise interaction energies. Lastly, N was extracted from the 
estimated number of particles according to Table S5. 
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Supplementary figures 
 

 

Fig. S1. 1H NMR spectrum (500 MHz, CDCl3) of 8-arm PEG-NB (Mn = 10000 g mol-1). 
Functionalization of the 8-arm PEG with norbornene groups was found to be 80% by calculating 
the relative amount of the norbornene vinyl protons (d = 6.0–6.3, m, 1.62H) to PEG ether protons 
(d = 3.5–3.9, m, 114H). 

 



 

Fig. S2. Shear moduli of bulk PEG-NB hydrogel networks as a function of polymer content. 
Square symbols (mean ± s.d.) indicate shear moduli of bulk hydrogel disks measured via rheology 
while lines (continuous and dotted) represent estimated values according to Phantom and Affine 
network models respectively taking into account the degree of functionalization calculated from 
1H NMR spectrum of 8-arm PEG-NB. 

 



 

 

Fig. S3. Frequency dependent dynamic moduli of bulk hydrogels at varying polymer 
contents (g = 0.1%). 

 



 

 

Fig. S4. Shear moduli of PEGNB hydrogels characterized via different techniques. For 
compression and nanoindentation tests, the extracted Young’s moduli were converted to shear 
moduli, G0 (assuming Poisson’s ratio, n = 0.5). 

 



 

Fig. S5. Fluid force microscopy (FluidFM) tests performed on bulk and microgel samples. a) 
Representative image of microgel indentation with the FluidFM probe. b) Force-distance curves 
for bulk and microgel samples consisting of identical polymer contents, indicating the similarity 
in elasticity. c) Force-distance curves for microgels consisting of different polymer contents, 
showing the successful fitting procedure. d) Force distance curves for a microgel (10 wt%) 
indented at varying maximum normal forces, showing the lack of difference in indentation profile 
and therefore the absence of a core-shell structure. Obtained force-distance curves were fitted 
using the Hertzian contact model to extract Young’s moduli. 
 



 

Fig. S6. Fluid force microscopy (FluidFM) tests performed on microgel samples. a) Microgels 
made of varying polymer contents at Ø = 55 µm. b) Microgels made of 10 wt% polymer at different 
sizes. Tests were done on at least n = 3 microgels with a grid of 3x3 with each point indented 3 
times. 

 



 

Fig. S7. Fluid force microscopy (FluidFM) tests performed on microgel samples (10 wt% 
polymer) probing different indentation depths. a) Indentation depths reached at different force 
setpoints. b) Calculated Young’s moduli, E show the absence of a core-shell structure/cross-
linking heterogeneity across the microgels. Tests were done on at least n = 3 microgels with a grid 
of 3x3 with each point indented 3 times. 

 



 

 

Fig. S8. Representative brightfield images of microgels (E = 120 kPa) in solution and jammed 
state. Scale bars, 100 µm. 
 



 

Fig. S9. Dynamic moduli of bulk and granular hydrogels of different polymer contents (Ø = 
55 µm, g = 0.1%, w = 10 rad s-1). Storage moduli of granular hydrogels decreased by an order of 
magnitude compared to their bulk counterparts, which was attributed to the particle nature, hence 
the discontinuity in the polymer network. Loss moduli increased up to two orders of magnitude 
possibly due to the damping effect of the packing structure.  



 

Fig. S10. Dynamic moduli of granular hydrogels (E = 20 kPa, Ø = 55 µm, g = 0.1%, w = 10 
rad s-1) over time. Storage and loss moduli of granular hydrogels remained constant for a duration 
of 2 hours, indicating the absence of aging and relaxation to an equilibrium. 

 



 

 

Fig. S11. Dynamic moduli of granular hydrogels (E = 120 kPa, Ø = 55 µm, g = 0.1%, w = 10 
rad s-1) in between measurement cycles. Full time-sweep trace of a measurement protocol 
indicating the quick establishment of properties upon pre-shear and rapid recovery of the starting 
storage and loss moduli between different measurements. 

 



 

 

Fig. S12. Dynamic moduli of granular hydrogels (E = 20 kPa, Ø = 55 µm, g = 0.1%, w = 10 
rad s-1) using different plate geometries. 
 



 

Fig. S13. Frequency dependent dynamic moduli of granular hydrogels (Ø = 55 µm, g = 0.1%). 
 



 

 

Fig. S14. Strain dependent dynamic moduli of granular hydrogels (Ø = 55 µm, w = 10 rad s-
1). 
 



 

Fig. S15. Yield stress calculation for granular hydrogels from strain sweep tests (Ø = 55 µm, 
w = 10 rad s-1). a) Storage moduli, G′, of granular hydrogels normalized to the respective plateau 
moduli, Gp. b) Calculated shear stress profile of granular hydrogels during strain sweep tests. c) 
Yield stress of granular hydrogels as a function of microgel stiffness (calculated at the point where 
G′ fell 10% below its Gp value). 
 



 

 

Fig. S16. Effect of measuring gap on the strain dependent rheological behavior of granular 
hydrogels (E = 120 kPa, Ø = 100 µm, w = 10 rad s-1). 



 

 

Fig. S17. Imaging analysis of microgel packings via IMARIS software.  
 



 

Fig. S18. Loss factor, tan d of granular hydrogels (E = 120 kPa) jammed from a solution of 
PBS buffer and 1% dextran sulfate in PBS (g = 0.1% and w = 1 rad s-1). The effect of microgel 
contacts in viscous dissipation of granular hydrogels were assessed by calculating tan d in the 
presence of a high molecular weight polymer solution that is excluded from the microgel network. 
The tan d increased in the presence of dextran solution for all microgel sizes despite the constant 
microgel stiffness (E = 120 kPa), indicating that the microgel polymer network is not the origin of 
viscous dissipation in jammed granular hydrogels. 

 



 

Fig. S19. Example fitting performed for the calculation of dissipated energy per unit volume, 
Ed of granular hydrogels. The overshoot in loss moduli obtained from strain sweep measurements 
were normalized by their linear response value at low shear strain (w = 10 rad s-1). G′′/G′′g →0, were 
fitted to a log-normal distribution on MATLAB. 

 



 

Fig. S20. Log-normal fitted G′′/G′′g →0, curves of granular hydrogels of varying building 
block sizes at constant stiffness (E = 120 kPa), from left to right: Ø = 25 µm, gray; Ø = 75 
µm, yellow; Ø = 55 µm, blue; Ø = 100 µm, red. 



 

 

Fig. S21. Large amplitude oscillatory strain (LAOS) measurements of granular hydrogels of 
stiff (E = 120 kPa, Ø = 75 µm) and soft (E = 20 kPa, Ø = 75 µm) building blocks at w = 1 rad 
s-1. Elastic Lissajous-Bowditch (LB) projections of a a) stiff (E = 120 kPa) and c) soft (E = 20 kPa)
microgel packing plotted as stress versus oscillatory strain. The cycles selected for strain 
amplitudes show progressive changes in the stress response. Energy dissipation per unit volume 
for b) stiff (E = 120 kPa) and d) soft (E = 20 kPa) microgel packings as well as perfect plastic 
response were calculated for each cycle of strain amplitude. Comparison via dissipation ratios 
show that soft microgel packings show higher plastic response during yielding. 

 



 

 

Fig. S22. Shear stress of jammed granular hydrogels (Ø = 55 µm) of varying stiffness of 
building blocks as a function of shear rate. The steady increase in shear stress at low shear rates 
indicated reliable measurements. At increased shear rates the samples exhibited characteristics of 
slip and shear banding. 

 



 

 

Fig. S23. Hard sphere (HS) model fitting of Plateau moduli, Gp, of stiff (E = 65, 120, 165 kPa) 
microgel packings. 
 



 

Fig. S24. Force scaling estimated for granular hydrogels of varying building block sizes. a) 
The scaling was calculated according to an approximation of the vertical load bearing columns 
that consist of microgel surfaces in the packing (where z-stage of the rheometer is fixed to 1 mm 
gap). b) The contact force FN (in nN) is inversely proportional to the number of load bearing 
columns and the square of microgel diameter, (2R0)2. 

 



 

Fig. S25. Hertzian contact estimated upon microgel contact for varying building block sizes 
at constant microgel stiffness (E=120 kPa). a) Indentation depth, d, calculated according to the 
contact force scaling estimated that larger microgels form result in higher surface deformations 
upon contact. b) The resulting repulsive potential, V(r) increases as a function of microgel size, 
from left to right: Ø = 100 µm, red; Ø = 75 µm, yellow; Ø = 55 µm, blue; Ø = 25 µm, gray. 

 



 

Fig. S26. Confocal imaging of granular hydrogels. Z-stack slices of a) stiff (E = 120 kPa, Ø = 
55 µm) and b) soft (E = 20 kPa, Ø = 55 µm) microgel packings. Scale bar, 100 µm. 
 



 

Fig. S27. Microgel deformations measured from confocal z-stack images. a) Confocal z-stack 
slice of granular hydrogels made of E = 120 kPa, Ø = 55µm building blocks. b) Microgels were 
identified using custom ImageJ Macro and circles of average microgel size were fitted to determine 
the extent of indentation. Indentation depth (d) for each microgel pair was measured via measuring 
the overlap of the fitted circles. c) Indentation depth (d) measured from the confocal slice compared 
with the predicted values from the contact model. 

 



 

Supplementary tables 

 
Microgel diameter (μm) Oil (μL/min) PEG (μL/min) 

25* 10 1 
55 10 1 
75 10 4 
100 10 10 

Table S1. Relative flow rates of oil and hydrogel precursor solutions in the microfluidic chip that 
give rise to defined microgel sizes. For size Ø = 25 µm, a flow-focusing device with smaller 
dimensions was used in order to increase throughput. 
 

  
Normal force 

(mN) 
Time 

(s) 
Measuring gap 

(mm) 120 kPa 20 kPa

3 1 14.65 33.44 
6 1 14.64 32.8 
9 1 14.56 32.72 
12 1 14.52 33.32 
15 1 14.18 33.03 
18 1 14.36 32.74 
21 1 14.37 32.93 
24 1 14.28 32.93 
27 1 14.24 32.75 
30 1 14.28 32.64 
33 1 14.03 32.78 
36 1 14.24 32.99 
39 1 14.07 32.80 
42 1 14.09 32.95 
45 1 13.97 33.00 
48 1 13.91 33.11 
51 1 13.94 33.27 
54 1 14.67 32.88 
57 1 13.94 32.93 
60 1 13.93 33.00 

Table S2. Recorded normal forces (in mN) for microgel packings of varying building block 
stiffnesses (E = 120 and 20 kPa, Ø = 55 µm) on the oscillatory rheometer throughout a time-sweep 
test with set measuring gap. 

 



 

Microgel stiffness (kPa) Normal force (mN) 
2.5 11±6 
20 46±11 
65 41±15 
120 23±10 
165 30±11 

 
Table S3. Recorded normal forces (in mN) for microgel packings of varying building block 
stiffnesses (Ø = 55 µm) on the oscillatory rheometer. Values are represented as mean ± s.d. (n=3). 
 

Microgel stiffness (kPa) 
Microgel size (μm) 20 120 

25 37±13 23±11 
55 46±11 23±10 
75 46±12 12±2 
100 27±7 17±8 

 
Table S4. Recorded normal forces (in mN) for microgel packings of varying sizes on the 
oscillatory rheometer. Values are represented as mean ± s.d. (n=3). 
 

Real 
diameter 

Simulation 
Diameter 

Spatial 
Coordinates Simple Cubic Random close packing 

2R0 d x y z nsc nrcp Vparticle Total 
Vparticle 

Particle 
fraction Porosity Total 

Vparticle 
Particle 
fraction Porosity 

100 1 80.0 80.0 10.0 64000 78720 0.524 33510 0.524 0.476 41218 0.644 0.356 
75 1 106.7 106.7 13.3 151419 186245 0.524 79283 0.524 0.476 97518 0.644 0.356 
55 1 145.5 145.5 18.2 385299 473917 0.524 201742 0.524 0.476 248142 0.644 0.356 
25 1 320.0 320.0 40.0 4096000 5038080 0.524 2144661 0.524 0.476 2637933 0.644 0.356 

Table S5. Simulation parameters estimated for the generation of random close packings according 
to LS algorithm. 
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