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Abstract

When the discontinuous structure of matter was yet an intriguing hypothesis, Jean Perrin performed a set
of elegant and pioneering experiments that marked the birth of what today we consider quantitative optical
microscopy. Picking up the baton from Perrin, today microscopists face incredible challenges, aiming to
extract quantitative information from the increasingly content-rich and complex images made available by
modern microscopy techniques. Here, I provide an overview of these challenges and describe the solutions
adopted to succeed in this complex task when investigating colloidal systems or systems in which colloidal
particles are embedded as microrheological probes.

1. Introduction

Jean Perrin (1870-1942) has been a pioneer of
quantitative optical microscopy. Reading his 1909
report in the Annales de Chimie et de Physique
(English translation [1]) is a stimulating and re-5

warding experience for any perspective scientist, in
particular for experimentalists. In his manuscript,
he describes a set of experiments that were stim-
ulated by Einstein’s 1905 predictions on Brown-
ian motion [2]. Using a microscope equipped with10

a camera lucida, Perrin and his collaborators ob-
served colloidal suspensions of mastic and gamboge
particles at constant temperature. At a fixed height
within the sample, the particles’ radius R was esti-
mated and their position was tracked in time (ev-15

ery 30 seconds) to extract their di↵usion coe�cient
D. Einstein theory, providing a quantitative link
between D and R, was then exploited by Perrin
to estimate the Avogadro number. Perrin also re-
ports several other observations, including an in-20

dependent estimate of the Avogadro number based
on the determination of the equilibrium sedimen-
tation profile of the colloids, the measurement of
the rotational di↵usion coe�cient of large spherical
inclusions, and the onset of colloidal aggregation25

experiments performed by adding coagulants. The
value of Perrin experiments was immediately recog-
nized by his contemporaries. In a letter to Perrin
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dated 1909, Einstein himself wrote: ”Ich hätte es
für unmöglich gehalten, die Brownsche Bewegung30

so präzis zu untersuchen; es ist ein Glück für diese
Materie, dass Sie sich ihrer angenommen haben.”,
which in English reads: ”I would have thought it
impossible to investigate Brownian motion so pre-
cisely; it is fortunate for this matter that you have35

embraced it.”. While not the first to provide an
estimate for the Avogadro number, the meticulous
care put by Perrin in all his experiments provided a
strong, irrefutable argument in favor of the molec-
ular reality of matter and, for this work in partic-40

ular, he was awarded with the 1926 Nobel prize in
Physics.

Retrospectively, we can today consider Perrin the
first exponent of quantitative microscopy, intended
in the present review article as the art of pushing45

microscopy to its limits of temporal and spatial res-
olution by combining a set of diverse competences
and skills borrowed from di↵erent disciplines such
as physics, biology and engineering. Given the com-
plexity and the multidisciplinary nature of this art,50

it is thus not surprising that over the years, the
heritage of Perrin has been collected by scientists
of di↵erent branches, whose work contributed to
shape a vast and variegated landscape that in this
review article I will only be able to scratch.55

The modern approach to quantitative microscopy
originates from e↵orts that have been very discon-
tinuous in time. Indeed, up to about twenty years
ago, optical microscopy was used mainly in a qual-
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itative way, with a few notable exceptions that are60

pointed out very e↵ectively in the introduction of
Ref. [3]. In the last twenty years, by contrast,
we witnessed to a striking resurgence of quanti-
tative optical microscopy experiments, mostly in
connection with the impressive evolution of tech-65

nology: microscopes have been pushed to unprece-
dented limits both in terms of optics (e.g. opti-
cal resolution enhancement) and of mechanics (e.g.
fast automation, high-precision positioning, inte-
gration with microfluidics); the computing power of70

central processing units (CPU) has increased con-
stantly and conformed to Moore’s law far beyond
any reasonable expectations; the parallel use of
graphics processing unit (GPU) made possible the
high-speed real-time or post-acquisition analysis of75

microscopy data, with speed-up factors exceeding
100X; pixelated image sensors can now measure sin-
gle photons per pixel, can reach 10 KHz acquisition
speed at full frame (⇠ 1 megapixel) and can ac-
quire more than 106 images per second at reduced80

image resolution, an incredible set of advances since
the first demonstration of the charge-coupled device
(CCD) in 1969.

In this review article, I will try to cover the po-
tentially very wide area of quantitative optical mi-85

croscopy of colloidal systems, for which the rela-
tively large length-scale is accompanied by dynam-
ics and kinetics that are slower, and in turn easier
to monitor, compared to molecular systems. The
article is organized as follows: after a short sec-90

tion sketching the main advantages of optical mi-
croscopy, I will briefly describe in Section 3 the
most recent e↵orts to push quantitative optical mi-
croscopy beyond the known resolution limits: it will
be discussed how super-resolution techniques have95

been used in colloidal science so far and also what
are the current performances of particle tracking al-
gorithms. In Section 4, the recently introduced idea
that microscopes can be used as very powerful light
scattering machines will be described. In particu-100

lar, I will show how microscope movies obtained by
imaging a sample in real-space with one or more
image contrast mechanisms (e.g. absorption, de-
phasing, scattering, fluorescence) can provide wave-
vector resolved scattering information about it. Fi-105

nally, Section 5 will be devoted to the use of mi-
croscopy, possibly in combination with rheology, to
link the macroscopic mechanical properties of col-
loidal crystals and amorphous solids to the struc-
tural and dynamical properties.110

2. Advantages of optical microscopy

Optical microscopy is one of the several tools
used to characterize colloidal systems. Others are
for instance (scanning or transmission) electron
microscopy and atomic force microscopy; static115

and dynamic scattering (or di↵raction) of light,
neutrons or X-rays; sedimentation, centrifugation,
field-flow fractionation; optical and ultrasonic spec-
troscopy; electro- and thermo-phoresis; viscometry
and rheology.120

Compared to all these methods, optical mi-
croscopy has some characterizing advantages. With
respect to neutron, electron or x-ray microscopy it
allows accessing shorter time scales over typically
longer experimental durations and larger length125

scales. The extracted real-space information is
complementary to the one obtained from scattering
methods that usually access smaller length-scales
(especially with X-rays and neutrons) and shorter
time-scales, owing to the use of fast and sensi-130

tive detectors such as photomultipliers or avalanche
photodiodes. We will show that the existing di-
chotomy between microscopy and scattering can be
partly reconciled by using the ideas described in
Section 4.135

Microscopes can be very easily coupled with
other tools, such as rheometers, optical tweezers,
microfluidic chips. Also, typical samples for mi-
croscopy can be rather thin (down to a few tens
of µm) along the optical axis, which helps in re-140

ducing multiple scattering from optically dense col-
loidal systems and unwanted convective flows.

Light intensity in micrographs can map absorp-
tion or dephasing fluctuations within the sample, as
well as the distribution and conditional activity of145

fluorophores or depolarizing structures, providing
thereby an extremely rich portfolio of probes. The
spatial and directional properties of the illuminat-
ing light can be matched to an arbitrary degree with
the collection optics, which enables to range from a150

fully three-dimensional (3D) detection (e.g. bright
field microscopy with coherent illuminations) to an
almost two-dimensional (2D) one (e.g. confocal or
light-sheet microscopy) and permits the use of so-
phisticated optical schemes such as phase-contrast,155

dark-field or di↵erential-interference contrast (DIC)
that, at least in commercial setups, can be com-
bined with others and alternated in a simple and
quick way.

Finally, science-grade microscopes are ubiquitous160

in research laboratories, either academic or in-
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dustrial, with an ample price range that can of-
fer a good match for almost every interested new
adopter. Readers interested in knowing in more
detail how typical microscopy techniques work and165

about their applications in soft matter science may
refer to Refs. [4, 5].

3. Pushing the limits of quantitative optical

microscopy

Some of the limitations of optical microscopy of170

colloids are technological in nature, such as the sig-
nal to noise ratio in microscope images, which is
key in discriminating a colloidal particle from the
background signal and in determining the particle
localization uncertainty. Some others are of funda-175

mental nature. For instance, according to classical
linear optics, di↵raction poses an ultimate limit to
the detection of small colloidal particles. In this
Section, I will discuss how both technological and
fundamental limitations have been tackled in the180

last years, with particular reference to colloidal sys-
tems.

Super-resolution studies of colloids

When considering recent improvements in optical
microscopy, the first thought goes to the so called185

super-resolution techniques, such as stimulated
emission depletion (STED) [6], photo-activated lo-
calization microscopy (PALM) [7], and stochastic
optical reconstruction microscopy (STORM) [8].
With these revolutionary techniques, some non-190

linearities in the emission and/or in the detection of
light are exploited to smash the di↵raction barrier
and achieve resolutions of the order of few tens of
nanometers. For introducing such groundbreaking
ideas, Eric Betzig, Stefan W. Hell and William E.195

Moerner shared the 2014 Nobel Prize for Chemistry.
It is quite curious that the first adopters of these

methods were life scientists rather than chemists
or physicists, despite the fundamental contribution
of the latter in developing these tools. In particu-200

lar, colloid scientists started using super-resolution
optical microscopy with a notable delay, which is
partly justified by the fact that some of the most
common super-resolution approaches require spe-
cialized fluorescent probes and/or are intrinsically205

limited in terms of temporal resolution.
One of the early application of STED to colloidal

science was demonstrated in Refs. [9, 10], where
(i) the crystalline structure formed by 200 nm large

particles, with voids in the crystal as small as 30210

nm, was unveiled with unprecedented lateral (43
nm) and axial (125 nm) resolution and (ii) the for-
mation of the colloidal crystals was monitored with
a temporal resolution of 5 ms, which allowed visual-
izing the annealing of potential point defects. More

fluorescent emission (Figure 1c,d; Cage-552: ∼580 nm; Cage-
635: ∼650 nm) shows small yet consistent shifts that are
attributed to excited-state stabilization.14

To estimate the performance of the dyes in SMLM, we first
explored the kinetics of uncaging. We find that 20 min UV-A
irradiation of a 10−7 M solution suffices in most solvents to
react all the uncaged molecules to either the dark13 or
fluorescent product (Figure 1e,f; see Figures S3−S7 for the
exact times and the remaining solvents). Second, the relative
quantum yields of fluorescence (ϕ)15 were calculated using the
reported values in MeOH as reference.13 Remarkably, the
relative quantum yield in some organic solvents is significantly
higher (up to 3-fold increase; see Tables 1 and S1) which
should improve the localization accuracy.16

Having established the photophysical features of the dyes, we
set out to image nanoparticles with radii R close to Abbe’s
diffraction limit by PALM in organic solvents. To this end, we
synthesized monodisperse, spherical hydrophilic silica nano-

particles that were subsequently cofunctionalized with stearyl
alcohol and either Cage-552 (R ∼ 220 nm) or Cage-635 (R ∼
110 nm). PALM images were collected in the above-mentioned
organic solvents with 2% v/v MeOH as well as cyclohexane
(CH, in which the caged dyes are not soluble precluding
photophysical characterization) to which 2% v/v isopropanol
was added. Exemplary images in Figure 2 (panels a−e, l−p)
show that both shape and size of the silica beads are clearly
resolved in each solvent. Moreover, from the narrow
distributions of their radii (Figures S14−S15), as depicted in
Figure 2 (panels f−k and q−u), we obtain mean radii by PALM
imaging that are in good agreement with mean radii calculated
from scanning electron microscopy (SEM) images (Figure S1)
(<6% difference).
Aiming to visualize a more complex multicomponent

nanostructured material, we prepared composite aggregates of
both colloids by evaporative self-assembly (Figures 3 and S16).
The wide-field image in Figure 3a confirms colocalization of the
Cage-552 and Cage-635 tagged beads within the clusters, but is
unable to resolve the individual nanoparticles. By contrast,
PALM microscopy (Figure 3b) reveals the disordered internal
structure of the aggregate, resolves individual colloids, as
represented by the cartoon in Figure 3d to guide the eye, and
recovers the narrow size distributions of both particles centered
on ⟨R⟩red: 104 ± 18 nm and ⟨R⟩green: 225 ± 19 nm (Figure 3c).
The single-molecule localizations in Figure 3b that do not
belong to a reconstructed particle are attributed to beads that
are out-of-focus, as the evaporative self-assembly is not strictly
2D.
Encouraged by these promising results, we turned to an

elusive system for standard imaging techniques due to their
dynamic nature, size, and low imaging contrast: nm-thin yet
μm-long, dynamic supramolecular polymers, so far studied
mainly by spectroscopy and scanning-probe techniques.17 For
this purpose we selected benzene 1,3,5-tricarboxamides (BTA).
These small molecules are known to self-assemble by 3-fold
hydrogen bonding into nanometer-sized, one-dimensional
(1D) supramolecular polymers and have found a panoply of
applications in material science.18 Figure 4 shows the super-
resolved image of a BTA aggregate containing a small amount
(<5%) of monofunctionalized BTA with Cage-552 (Schemes
S1−S2). Since the aggregates are 0.7−1.0 μm long and several
nm’s wide, their 1D morphology is clearly visible only in
SMLM (Figure 4b). The supramolecular dimensions observed
are in perfect agreement with data obtained previously on
similar BTA supramolecular polymers by depolarized light
scattering19 and atomic force microscopy.20

In summary, we have demonstrated the possibility to
perform super-resolution microscopy in a wide range of organic
solvents with high accuracy. Narrow-size distributions and
accurate mean radii were obtained by PALM for (mixed)
nanoparticle dispersions even if the nanoparticles with radii
close to Abbe’s diffraction limit are in close contact. While the
addition of an auxiliary nucleophile was essential in the
experiments reported here, we foresee integration of the
nucleophile into the dye structure in future work. Furthermore,
we successfully visualized the morphology of dynamic, 1D
supramolecular polymers composed of hydrogen-bonded small
molecules, which are elusive to other imaging techniques. We
expect that in situ visualization by SMLM of the structure and
exchange dynamics of such supramolecular polymers in organic
media will shed new light on their structure−function relations

Figure 3. (a) Two-color wide-field image acquired in cyclohexane with
2% v/v isopropanol of a mixed cluster of colloidal particles of R ∼ 110
nm labeled with Cage-635 and R ∼ 220 nm labeled with Cage-552. (b)
Super-resolved image of the field of view shown in (a). Scale bar 1 μm.
(c) Radii distribution of the nanoparticles identified and reconstructed
in the mixed sample; black arrows indicate the mean radii determined
by SEM.(d) Schematic representation of the beads identified in (b).

Figure 4. (a) Wide-field image of BTA fibers containing 5% Cage-552-
labeled BTA acquired in cyclohexane with 2% v/v isopropanol. (b)
Super-resolved image of the same field of view depicted in (a). The
inset is a zoom-in on one of the fibers.
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Figure 1: (a) Two-color wide-field image acquired in cyclo-
hexane with 2% v/v isopropanol of a mixed cluster of col-
loidal particles of R ⇠ 110 nm labeled with a red-emitting
fluorophore and R ⇠ 220 nm labeled with a green-emitting
fluorophore. (b) Super-resolved image of the field of view
shown in (a). Scale bar 1 µm. (c) Radii distribution of
the nanoparticles identified and reconstructed in the mixed
sample; black arrows indicate the mean radii determined by
SEM.(d) Schematic representation of the beads identified in
(b). Reprinted with permission from Ref. [11]. Copyright
(2016) American Chemical Society.

215

recently, Aloi et al. [11] demonstrated the pos-
sibility to perform high-accuracy super-resolution
microscopy with various organic solvents by using
PALM to obtain the size distribution of binary mix-
tures of nanoparticles in close contact. The useful-220

ness of this approach can be appreciated in Fig. 1,
where we show the wide-field image of the binary
mixture (Fig. 1 a) together with the correspond-
ing super-resolved image of the same sample (Fig.
1 b). Despite the close proximity of most of the225

particles, the reconstruction of their position and
size can be done very precisely to obtain a quantita-
tively sound particle size distribution (Fig. 1 c) that
would be impossible to draw with the wide-field im-
ages. The same group also showed how a particu-230

lar implementation of super-resolution microscopy
(iPAINT: interface Point Accumulation for Imag-
ing in Nanoscale Topography) permits nanoscale
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imaging of solid/liquid, liquid/liquid and liquid/air
interface [12]. They used iPAINT to investigate235

at the nanoscale the morphology of complex coac-
ervate core micelles in aqueous solutions, reveal-
ing a concentration-induced morphological transi-
tion of the micelles [13]. Similar to PALM and
STORM, iPAINT is based on the localization of240

single isolated fluorescent molecules. This class of
methods may benefit from the recent demonstra-
tion that combining them with multivariate statisti-
cal analysis opens the way to the 3D reconstruction
of nano-structures from 2D super-resolution projec-245

tions [14].
Another very interesting application is repre-

sented by the use of super-resolution imaging to
inspect the interior of colloidal particles, in par-
ticular of polymer microgel particles [15–17]. Mi-250

crogel particles of PNIPAM, a polymer that ex-
hibits a reversible volume phase transition at a well
prescribed temperature of 32 o, were studied with
STORM with lateral and axial resolution of the or-
der of 30 nm and 60 nm, respectively [15]. This255

approach allowed reconstructing the internal struc-
ture of the microgel particles, and in particular their
radial density profile, in di↵erent conditions, for in-
stance, of temperature, solvent. The obtained re-
sults open the way to the tuning of the internal260

structure of the microgel particles that may be cru-
cial in their optimization as drug delivery carriers.

Improving the accuracy of particle tracking algo-
rithms

One of the ways to improve the quantitativeness265

of optical microscopy experiments is based on in-
creasing the precision and accuracy of the image
processing. A paradigmatic example in this respect
is the need of obtaining very accurate estimates
of the particle localization in tracking experiments,270

which can be used for several purposes. For exam-
ple, following Perrin we can use the particle mean
square displacements to determine di↵usion coe�-
cients or, more generally, the mechanical moduli of
a soft material in which the colloidal particles have275

been embedded as probes, which is the realm of
microrheology [18, 19].
Camera-based particle tracking determines the

position of a particle either by using Gaussian fit-
ting or by calculating the intensity-based centroid,280

or by locating the local intensity maximum. The
best performances of camera-based particle track-
ing using these approaches are currently of the or-
der of 10 KHz and 3 A� for the temporal and spa-

tial resolution, respectively [21–23] and it is likely285

that technological advances will improve these per-
formances.

Another route toward improving particle track-
ing is based on making use of sophisticated image
processing algorithms with standard instrumenta-290

tion. A first example of application of this idea
is represented by Bayesian localization microscopy,
which allows extremely accurate particle localiza-
tion to be extracted from wide-field images and,
quite importantly, where labeling is obtained with295

standard fluorescent proteins [24]. A Bayesian anal-
ysis of blinking and bleaching (3B analysis) leads to
an impressive 50 nm resolution on a 4 s timescale,
which is achieved by accurately modeling the blink-
ing and bleaching of the fluorophores so to extract300

their most likely spatial distribution also when they
are overlapping. This property represents an ad-
vantage over PALM- and STORM-like approaches,
whose image reconstruction algorithm requires sev-
eral tens of thousands of frames, each one of them305

obtained with non-overlapping fluorophores. Such
advantage comes at the expense of a quite long com-
putational time, about one day of computation time
being needed for reconstructing a 50 µm x 50 µm re-
gion on a state-of-the-art desktop computer. How-310

ever, it was shown in Ref. [25] how an improve-
ment by a factor of 60 can be achieved by using
cloud computing based on commercially available
and accessible solutions.

A second example of analytical approach based315

on standard instrumentation is represented by
super-resolution radial fluctuations (SRRF) mi-
croscopy [26], which combines considerations about
the radial symmetry property of fluorophore emis-
sions and a temporal fluctuation analysis of the320

frames to extract super-resolution images (at 1
frame per second and with a spatial resolution
down to 60 nm) with conventional fluorophores,
low-intensity illumination and about 100 frames.
Similar to the 3B analysis, also in SRRF a super-325

resolution image is obtained without fluorophore
detection and localization, which makes both of
these techniques very appealing not only for use
in the life science community in which they origi-
nated, but also for colloid scientists, which would330

surely benefit from the possibility of using conven-
tional fluorophores in their experiments.

Finally, in Ref. [20], an accurate reconstruc-
tion of colloidal particles positions and sizes was
achieved in standard confocal microscopy experi-335

ments by modeling the image formation process
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Why is PERI able to measure particle positions and radii
so accurately while heuristic methods fail? Heuristic
methods produce poor measurements with large systematic
errors simply because they ignore complexities of the
image formation, such as the spatially varying illumination
and point-spread function. In contrast, PERI includes these
complexities. Fitting the entire image ensures that all the
complexities are accounted for—any portion of the image
formation not included in the model will manifest itself
as strong residuals in the fit, declaring that the model is
incomplete and suggesting what additional effect must be
included. This process of model selection is described in
detail in SM [18].
This extraordinary accuracy in measuring particle posi-

tions from microscopy images creates a new window into
nanometer-range particle interactions in dense suspensions.
When colloidal particles are suspended in an aqueous
solution, the particles charge, as the polar solvent disso-
ciates ions on the particles’ surface groups. This charge
results in an electrostatic repulsion, which is in turn
screened by counterions in the bulk [42,43]. The screening
creates an interparticle potential that deviates from a hard-
sphere potential only at nanometer separations. This poten-
tial ever so slightly biases the distributionof particle positions
away from that expected for a hard-sphere suspension.
Previous efforts measured these interactions only in

idealized, isolated surfaces such as between two surfaces
[44] or a single colloidal particle interacting with a wall
[45,46]. However, by their nature, these idealized

measurements frequently cannot include possible complica-
tions present in a real suspension, such as many-body
interactions, realistic surface asperities, or increases in
dissolved ion concentration from dissociated surface groups
onmultiple particles.Measuring the interaction potential in a
dense colloidal suspension includes these and many other
possible complications in the interaction.
We measure these nanometer-scale interactions by using

PERI to analyze a large set of images of 1.3-μm silica
spheres suspended in a water-glycerol mixture. To prevent
kinetic effects from confounding our measurements, we
allow the sample to fully sediment for an hour. This
produces an open layer of sediment approximately 2–3
particle layers deep, shown in Fig. 3(a). We then image this
suspension repeatedly over the course of several hours,
extracting simulation-level detail of approximately 720 000
particle positions and radii over all the images. The particle
interactions determine the structure of the suspension. We
quantify this structure with the probability PsðδÞ of finding
a pair of particles with surface-to-surface separation δ,
accounting for radii polydispersity and sedimentation in a
manner preferable to the usual pair-correlation function.
To reconstruct the interparticle potential, we use the
extracted particle radii and particle number from the data,
and we simulate the particle dynamics using Brownian
dynamics. We incorporate both gravitational settling and
the interparticle potential, which we model as an exponen-
tially decaying electrostatic repulsion. We then fit the mass
density and potential by simulating, reconstructing PsðδÞ

(a) (c) (d)

(b)

FIG. 3. Extracting interparticle potentials. (a) We use PERI to analyze a large ensemble of three-dimensional images of a dilute
suspension of approximately 1200 Brownian particles; a small section of these images is shown in the upper left. From these data, we
extract an experimental PsðδÞ. (b) We use molecular dynamics to create a simulated PsðδÞ, and we iteratively update the interaction
potential VðδÞ to find the PsðδÞ that best fits the experimental data. (c) The extracted PsðδÞ from PERI (gray dashed line) and from the
fitted potential (solid cyan line) agree excellently. In contrast, the PsðδÞ from a strictly hard-sphere potential (red line) does not fit the
data. The difference between these potentials depends on resolving particle separations at the nanometer level. Previous centroid-based
methods [41] (purple line) produce a PsðδÞ with nonsensical features, such as significant overlaps, that cannot be fit by a reasonable
interaction potential. We discuss the overlaps in PERI’s extracted PsðδÞ in SM [18], Sec. VII. (d) From the best-fit simulation, we extract
the interparticle potential VðδÞ. The shaded bands show the uncertainty in the potential, with the teal band describing uncertainty in the
fit and the gray band the uncertainty due to systematic errors (see SM [18] for further discussion).
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Figure 2: PERI is used to extract the interaction potential of a dilute suspension of ⇠ 1200 Brownian particles with diameter
1.3 µm. From the microscope images (a) the experimental probability Ps(�) of finding a pair of particles with surface-to-surface
separation � is extracted and shown in (c) as a gray dashed line. In panel (c), we also show the best fit (solid cyan line) of the
experimental data, which was obtained by running molecular dynamics simulations (b) and iteratively update the interaction
potential V (�) to match the experimental data. For comparison, the results obtained with a simple hard-sphere potential (red
line) and with a standard particle-tracking approach (purple line) are also shown in (c). From the best-fit simulation, the
interparticle potential is extracted (d). The shaded bands show the uncertainty in the potential, with the teal band describing
uncertainty in the fit and the gray band the uncertainty due to systematic errors. Reprinted under CC BY 4.0 license from
Ref. [20]. DOI:10.1103/PhysRevX.7.041007

and fitting the model parameters to the experi-
mental data. This approach, termed parameter
extraction from reconstructed images (PERI), was
demonstrated in a proof-of-principle experiment in340

which both the radius and position of 1.3 µm par-
ticles were determined to within 3 nm and, by us-
ing 1200 particles, it was possible to reconstruct
the repulsive interaction potential between the par-
ticles (Fig. 2). Once again at the expense of345

a very long computational time, a reconstructive
generative model approach such as PERI outper-
forms heuristic approaches for tracking [27], such
as the ones based on intensity centroids or on local
fitting of the image intensity maxima to a Gaus-350

sian function, providing a minimally-biased though
computationally-intensive tool for particle tracking
[28].

4. Digital Fourier Microscopy of colloids:

quantitative microscopy flirts with light355

scattering

A notable dichotomy in modern colloid science
is the one occurring between real- and reciprocal-
space sample observations. For years, optical mi-
croscopes have been used to perform real-space ex-360

periments, building on the fact that microscope

movies capture the position of the colloidal particles
in space and time. At the other extreme, we find
light scattering methods that are based on exper-
imental schemes to capture a far-field, reciprocal-365

space version of the same process. Of course,
whether the ’glasses’ used to watch the movie are
built to probe the sample in real- or in reciprocal-
space depends on the needs, skills and tools that are
available to the experimenter. After the invention370

of the laser, scattering methods have dominated
for long time the colloidal science laboratories, es-
pecially when small-sized, sub-di↵raction particles
were to be characterized. Recent advances, some
of which are discussed in Section 3, slowly sub-375

tracted users to light scattering methods, with the
main drive that watching in real space how a sys-
tem looks gives more direct information. However,
extracting this information to provide unbiased and
robust statistical estimators of physical quantities380

is not a simple task. In addition, despite the tech-
nological and methodological progresses made, the
signal-to-noise ratio, the resolution needs and the
multiple-scattering limitations still make real-space
approaches very challenging for dense suspensions385

of small colloidal particles. This is true in particular
when the optical contrast of the single particles is
too small, which a↵ects the signal to noise ratio, or
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too large, which easily causes multiple scattering.
While these limit cases can still be safely man-390

aged with light scattering techniques [29], it was
proposed in Ref. [30] that one can perform light
scattering experiments on colloidal samples from
the analysis of real-space movies. This approach,
termed Di↵erential Dynamic Microscopy (DDM),395

is based on combining image subtractions and spa-
tial Fourier transforms to obtain a characterization
of the static and dynamic scattering signals from
the sample in the reciprocal space (qx, qy). With
DDM, the characterization of the sample dynamics400

is calibration-free and can be almost automated.
By contrast, static scattering information can be
extracted with some additional calibration steps.
Readers interested in the detail of this procedure,
and in general in all the steps of the DDM analy-405

sis, can refer to the original papers [30, 31] or to
recent reviews [32, 33]. Another recent review arti-
cle [34] describes DDM in the framework of Digital
Fourier Microscopy (DFM) techniques, which have
in common that, under proper conditions, they re-410

cover scattering information from a digital Fourier
transform of real-space images.
A first notable feature of DDM is that it can

be implemented with a variety of imaging con-
trast mechanisms that can operate in various condi-415

tions of signal-to-noise ratio, resolution needs and
multiple scattering. Since its introduction about
ten years ago, DDM was used to study colloids in
bright-field [35–41], phase-contrast [42], dark-field
[43, 44] and depolarized [45] microscopy. It has420

also been demonstrated with fluorescent particles
in wide-field [36, 46, 47], confocal [48, 49] and light-
sheet [50, 51] configurations.
Second, the requirements of DDM in terms of

signal-to-noise ratio, resolution and absence of425

multiple-scattering are way less severe than for real-
space tracking experiments, because in DDM: (i)
particle localization is not needed and the signal
of interest can be even considerably (e.g. a factor
400 in [52]) smaller than the noise, (ii) bright-field430

DDM is intrinsically more insensitive to multiple
scattering than far-field scattering because the use
of partially coherent light permits using very thin
samples (of the order and below 100 µm) and also
strongly reduces the e↵ective thickness of the sam-435

ple and the e↵ects of multiple scattering.
It was recently shown that DDM can be used

for performing microrheology experiments [53, 54].
DDM-microrheology (DDM-µr) is an extension of
the original Perrin experiment in at least two re-440
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FIG. 4. (a) Two-dimensional MSD of LB1 (orange triangles) and
LB5 (blue circles) tracers in a viscoelastic polymer solution (2%
PEO2 in water) obtained from DDM analysis. Black dots: same
quantity obtained from PT analysis for the sample with LB5 tracers.
The small insets show representative images of the two samples: the
one loaded with subdiffraction LB1 particles (upper-left corner) and
the one loaded with LB5 tracers (lower-right corner), respectively. In
both cases the image size corresponds to 20.8 µm. (b) Comparison
of the storage moduli G′ estimated from the DDM-reconstructed
MSD of LB1 tracers (orange triangles), LB5 tracers (blue cir-
cles), and optically anisotropic tracers (green squares), respectively.
(c) Same as in panel (b) for the loss moduli G′′. (d) AMSD of optically
anisotropic tracers in a 2% PEO2 in water solution. The small inset
show a representative image of the sample (image size is 83.2 µm).

based procedure is largely model and operator independent.
The only required external parameters are the relevant qrange
[q1,q2] over which the optimization is performed and the initial
values of the parameters (A0(q),B0(q)). The key importance
of all these properties when studying arbitrary samples is
described in detail in the next section.

FIG. 5. Comparison of the viscoelastic moduli G′ and G′′ of a
2% PEO polymer solution in water, obtained with different methods.
Gray circles (triangles): G′ (G′′) obtained with traditional rheology;
continuous blue (orange) line: G′ (G′′) obtained with DWS using
LB5 tracers; black continuous (dashed) line: G′ (G′′) obtained with
DDM microrheology (weighted average of the results of LB1 and
LB5 tracers, shown individually in Fig. 4).

C. Viscoelastic fluid

In this section, we apply the optimization-based procedure
to the data obtained with our model viscoelastic fluid, an
aqueous solution of PEO, which exhibits elastic behavior at
short times and high frequencies. The expected short-time
elastic plateau in the MSD would contribute to the baseline
B(q), requiring an independent determination of the camera
noise. Such a requirement would be similarly involved as the
calibration procedure needed in PT-µr experiments to account
for the tracer localization uncertainty. While such calibration
is technically feasible, the optimization-based DDM analysis
permits a calibration-free implementation of DDM-µr.

Application of the optimization-based procedure to the PEO
solutions with small (∼100 nm) and large (∼500 nm) tracers
provides the results shown in Fig. 4(a). The accessible range
of timescales probed is very similar for the two tracer sizes.
For comparison we also show the results obtained with PT
for the sample containing the larger tracers as black points in
Fig. 4(a); for the smaller particles tracking is not feasible, as
easily appreciated from the images shown as insets.

For each tracer size, we extracted from the MSD the
mechanical moduli G′ and G′′, as shown in Figs. 4(b) and
4(c). Results obtained for G′ with the two tracer sizes are
off by about 10%–20% at small frequencies but the two
datasets are compatible within the experimental errors. We
combine the data obtained with the two tracers and show
the results as black lines in Fig. 5. These data are in
good agreement with the results obtained with traditional
rheology, shown as open symbols, and also with the results
obtained with DWS, shown as closed symbols. DDM-µr
extends traditional rheology by one decade at high frequency,
whereas at low frequency similar performances are obtained,
at least as far as the storage modulus is concerned. However,

073804-7

Figure 3: Comparison of the viscoelastic moduli G and G
of a 2% PEO polymer solution in water, obtained with dif-
ferent methods. Gray circles (triangles): G (G) obtained
with a rheometer; continuous blue (orange) line: G (G) ob-
tained with Di↵using Wave Spectroscopy using 500 nm trac-
ers; black continuous (dashed) line: G (G) obtained with
DDM microrheology (weighted average of the results of 100
nm and 500 nm tracers). Reprinted figure with permission
from Ref. [53] Copyright (2017) by the American Physical
Society.

spects: (i) it determines the particle mean square
displacement in a host medium not from the tracks
of individual particles but from the study of the
intensity fluctuations associated to their motion;
(ii) in the original spirit of microrheology [18], it445

is based on a generalized Stokes-Einstein relation,
which converts the mean square displacement of the
tracer particles in the frequency-dependent storage
(G’) and loss (G”) moduli. The results obtained
in Refs. [53, 54] show independently and very con-450

vincingly that DDM can obtain high quality mi-
crorheology data bypassing two of the major limi-
tations of particle tracking, which are (i) the selec-
tion of the suitable reconstructed particle trajecto-
ries and (ii) the need of using colloidal tracers with455

a su�ciently large optical contrast. In addition,
in Ref. [53] an optimization-based method is in-
troduced that grants a calibration-free DDM-µr ex-
periment, which represents an additional advantage
over particle tracking microrheology. The perfor-460

mance of DDM-µr can be appreciated by inspecting
Fig. 3, where the storage and loss moduli of a 2%
PEO polymer solution in water obtained with dif-
ferent methods are shown. The DDM results (black
dashed and continuous lines) are found in excellent465
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agreement both at small frequencies with mechan-
ical rheometry (gray circles and triangles) and at
large ones with Di↵using Wave Spectroscopy mi-
crorheology (orange and cyan continuous lines).
Interestingly, DDM was also used for accurate470

microrheology experiments probing both the trans-
lational and the rotational degrees of freedom of
embedded tracer particles [53] and also in optically
dense fluids [54], in both cases outperforming par-
ticle tracking.475

5. Poking while watching: quantitative mi-

croscopy meets rheology

The mechanical properties of amorphous materi-
als such as glasses (polymeric, metallic, and col-
loidal), gels (polymeric and colloidal), foams, or480

emulsions are not yet fully understood and are the
subject of an intense research activity [55]. When
subjected to an external action, these materials ini-
tially deform in a reversible, elastic fashion. By
contrast, a stress that is su�ciently large in am-485

plitude or long in duration may result in plasticity
and flow, similar to a viscous liquid. Yielding of
the material and the subsequent plastic flow are
determined by a series of microscopic events that
eventually may lead to fracture and whose nature490

and properties have not yet been fully elucidated
[56, 57].
Theoretically, fracture and plasticity in crys-

talline solids are well understood, with defects in
the crystalline lattice (dislocations) playing a key495

role [58]. By contrast, understanding the micro-
scopic origin of yield and failure in amorphous solids
is certainly far from complete. Most of the di�-
culty resides in the absence of a symmetric struc-
ture, which could serve as reference to detect de-500

fects. During the last years, important progresses
have been made also for amorphous materials. The-
oretical work and simulation have suggested that
plastic deformation results from the microscopic oc-
currence of shear transformations, local rearrange-505

ments involving few particles (of the order of 5-10)
in well-defined regions, the so-called shear trans-
formation zones (STZ) or ’soft spots’ [59]. Such
events originate anisotropic stresses (strains) known
as Eshelby stresses (strains), anisotropic perturba-510

tions with a characteristic quadrupolar spatial cor-
relation, which perturb the otherwise isotropic sur-
rounding elastic medium [60–62]. Simulation also
shows that STZ manifest themselves in sheared liq-

uids, seemingly suggesting that they are not pecu-515

liar to plastic deformation [63].
How far STZ can account for the failure of the

wide variety of amorphous systems exhibiting simi-
lar mechanical failure modes is not yet established.
In particular, the role of thermal noise has not been520

addressed in a systematic manner. This, however, is
essential to bridge the gap from molecular to gran-
ular systems, including the intermediate soft glassy
materials (SGM), all of these systems exhibiting
similar failure modes.525

As far as experiments are concerned, imaging
atoms or molecules under mechanical stress is ac-
tually beyond reach since the constituents are too
small and move too quickly. This is why during
the last about fifteen years sheared colloidal gels,530

glasses and crystals have been widely investigated
with quantitative microscopy. Much remains to
be done, despite the relevant advances made. For
instance, recent experiments with hard-sphere col-
loids show that STZ surprisingly exist not only in535

deformed glasses [64] but also in undeformed glasses
[65] and defective crystals [66].

The striking observation of Eshelby strains in
quiescent colloidal glasses, reported in [65], is well
described in Fig. 4, where we show the results540

of quantitative confocal microscopy experiments in
which roughly 50000 monodisperse hard-spheres
belonging to a colloidal glass are tracked in 3D in
the absence of an externally applied strain. While
in the presence of an external shear the authors ob-545

serve STZ that exhibit a bias in the shear strain di-
rection and, in turn, contribute to the macroscopic
deformation, the results in Fig. 4 show that STZ
are also present in quiescent glasses, as they are ac-
tivated by the thermal energy. However, they are550

weaker than the deformed case and they do not con-
tribute to the macroscopic strain because there is no
coupling with an external force field. If the glass is
deformed above the yield point, some of the STZ do
not relax back to the undeformed state contributing555

to an irreversible plastic deformation. Forcing the
material back to an overall zero macroscopic strain
causes the emergence of inclusions made of few par-
ticles that cancel out the strain contribution of the
irreversible STZ.560

It should be noted that rheo-microscopy (i.e.
confocal microscopy under shear) experiments have
been very popular to investigate, among several
other phenomena, the structure [67] and the slip
[68] of colloidal gels under steady shear. Similarly,565

when used on colloidal glasses, they have been pro-
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FIG. 7. (Color online) Evolution of strain and strain correlations in a quiescent colloidal glass. The time intervals are chosen to match those
of Fig. 6, although these times have no particular significance in the quiescent experiment. Row (a) shows the deformation profiles, showing
broadening but no deformation. Row (b) shows top-view reconstructions showing only those particles with individual strain |ϵyz| > 0.03,
colored according to their strain. At any time, there are equal numbers of high positive (red) and negative (blue) particles. Row (c) shows the
y-z plane cross sections of ϵyz spatial strain correlations, showing the evolution of the fourfold Eshelby signature. The position axes for all
figures are identical to the corresponding plots in Fig. 6. Rows (b) and (c) have smaller color scales in this figure.

experiment. The three orthogonal cross sections at maximum
strain are shown in Fig. 9. For consistency, we use a fixed
color scale of ± 0.1⟨ϵδ⟩max for all of these plots, chosen so that
the pattern with the maximum dynamic range would be shown
clearly.

A distinct fourfold pattern is apparent in the strain cor-
relations. With a more sensitive color scale, the fourfold
pattern is visible even in the first measurement, at which

FIG. 8. Plot of the rms strain vs macroscopic strain for experi-
ments 2 and 3. These had the same maximum strain (γmax = 10.0%)
but strain rates that differed by a factor of 2.5.

time no macroscopic strain has yet been applied. Over time,
the fourfold pattern becomes quite pronounced. In Fig. 6 we
see that the fourfold pattern remains strong even after the
macroscopic strain is completely reversed.

We quantify the development of the Eshelby core and
surrounding pattern in the y-z strain field correlations by
taking azimuthal averages in the y-z plane of the 3D spatial
strain autocorrelation. These results are shown in the upper
plot of Fig. 10 for the same five time points as in the previous
figures. The curves in the upper plot of Fig. 10 show that
the average inclusion core size increases somewhat with time
during the initial positive deformation and does not reduce in
size on strain reversal. By comparing the zero crossing and
the position of the minimum of the azimuthal average to the
analytic calculation, we estimate the average inclusion core
radius to be 1.8 µm, consistent with earlier observations [11].
An example of a specific inclusion with a slightly larger core
radius is shown in Fig. 11.

Remarkably, the same fourfold signature appears in the
spatial correlations of the local shear strain in the quies-
cent sample, even though there is no applied strain. Some
correlations between strains in quiescent glasses have been
observed [37], but the fourfold signature that we observe
specifically demonstrates the presence of Eshelby-type shear
transformations. These correlations are shown in the y-z cross
section in Fig. 7(c) as they evolve over time and all three
orthogonal cross sections at the final time are shown in Fig. 12.
Again, we use a fixed color scale of ± 0.1⟨ϵδ⟩max for these
plots; note, however, that in the quiescent sample, ⟨ϵδ⟩max
is almost ten times smaller than in the sheared sample and
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Figure 4: Evolution of strain and strain correlations in a quiescent colloidal glass at di↵erent time intervals. The deformation
profiles (a) show broadening but no deformation. Row (b) shows top-view reconstructions showing only those particles with
individual strain |"yz | > 0.03, colored according to their strain. At any time, there are equal numbers of high positive (red) and
negative (blue) particles. Row (c) shows the spatial y� z plane strain correlations of "yz , showing the evolution of the fourfold
Eshelby signature. Reprinted figure with permission from Ref. [65] Copyright (2016) by the American Physical Society.

viding useful information, for instance, on shear
banding [69], shear concentration coupling [70] and
creep [71]. In addition, they have been also used to
probe the e↵ect of the stress overshoot during start-570

up shear [72–74] and of a sudden cessation of shear
[75]. It would be interesting to use smaller collloidal
particles to investigate how an increase of thermal
noise would impact on the coupling between rhe-
ology, structure and dynamics. A possible way to575

overcome the limitations of real space approaches
in tracking a crowded collection of small particles
may be o↵ered by Di↵erential Dynamic Microscopy,
which was described in Section 4

Before ending this Section, I would like to con-580

sider polycrystals, an intermediate case between
crystals and amorphous solids. Polycrystals are
made of crystalline domains (grains) that are sep-
arated by grain boundaries, which are defect sur-
faces for 3D polycrystals or lines for polycrys-585

talline monolayers. The authors of Ref. [76] per-
formed a very thorough quantitative microscopy
study in which oscillatory shear deformations were
applied with a magnetically oscillating microdisk to
polycrystalline monolayers of soft repulsive colloids590

trapped at a fluid interface. At the same time, an

optical microscope was used to image the structure
of the polycrystal at various distances from the edge
of the disk.

The potential of this kind of experiments can be595

appreciated by inspecting Fig. 5 in which a Voronoi
reconstruction of a � = 13.5 % monolayer is shown
before shear is applied (Fig. 5a). The color in
Fig. 5a encodes the number of sides of the polygon.
Hexagons (gray) are the majority but pentagons600

(yellow), heptagons (cyan) and octagons (orange)
are also observed. As an oscillatory flow of the mi-
crodisk (dark gray with two holes) is applied with
amplitude ✓ = 10 o and frequency ! = 0.1 Hz, the
defects start to move with spatially heterogeneous605

and temporally intermittent dynamics (Fig. 5b)
and to interact (see for instance the annihilation of
a pentagon and an hexagon from t = 20 s to t = 70
s). Panels (c) and (d) show the phase angle of the
orientational bond order parameter  6 =

P
m e6i✓m610

immediately before (c) and 20 min after the appli-
cation of the shear. Color in panels (c) and (d) cor-
responds to the orientation of a single grain, which
shows how the application of a moderate shear am-
plitude increases the quality of the crystalline order615

through defect annihilation. For larger shear am-
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FIG. 5. (a) Voronoi diagram of a colloidal monolayer with φ =
13.5% and (b) time evolution of the region enclosed by the red
rectangle. The gray cells are hexagonal, whereas the colored cells
denote the local defects of the structure coming from particles with
different numbers of neighbors, e.g., 5 (yellow) and 7 (cyan). The
video corresponding to (b) is in Ref. [41] (Supplemental Movie S5).
(c–d) Phase angle of the local ψ6 function for a monolayers sheared
at θ = 10◦, ω = 0.1 Hz for 20 min. (c) Initial and (d) final state.

defects start to move, with spatial and temporal heterogenous
dynamics in agreement with Fig. 4. The time evolution of a
specific region [Fig. 5(b) and Supplemental Movie S5 [41]]
reveals that, within a time scale of 7 oscillations (t= 70 s),
defects move and the sample relaxes towards a crystalline
configuration with fewer impurities. Defects self-annihilate
in two fashions: either five to seven pairs meet and extinguish
reciprocally [e.g., pairs 1 and 2 in Fig 5(b), from t= 0 to 20 s],
or they form transient circular grains (from t= 20 to 70 s;
see Supplemental Movie S5 [41]). Our experimental results
agree with what has been recently reported by van der Meer
et al. [24], but, further to that, allow for pure shear response to
be examined over much larger domains. Figures 5(c) and 5(d)
are, for instance, the two-dimensional maps of the phase angle
ϕ of the local order parameter ψ6. For a given particle i, this
is defined as

ϕi = 1
Ni

Ni!

j=1

ϕij , (2)

where Ni and ϕij are the number of nearest neighbors and
the relative angle with respect to the reference particle i,
respectively. Each color therefore indicates the orientation
of a single crystalline grain. Figure 5(c) corresponds to a
monolayer (φ = 13.5%) in its initial state (before shear is
applied), whereas Fig. 5(d) shows the crystalline domains
after oscillatory shear is applied for approximately 20 min

FIG. 6. (a) Experimental and numerical radial distribution func-
tions for φ = 13.5%. The relative position d is normalized with
respect to the position of the first peak, i.e., the lattice constant L.
(b) An initial configuration for the simulations as obtained after the
minimization procedure at the desired packing fraction. In the middle
the disk is modeled as a series of short-range repulsive particles.

at θ = 15◦ and ω = 0.1 Hz. During this time the grains merge
and larger crystalline domains develop (see also Supplemental
Movie S6 [41]). Hence, the low-amplitude applied shear
increases the “quality” of the 2D colloidal system through
defect annealing.

The stress relaxation toward the minimum energy crys-
talline configuration is very slow. Experimentally, we cannot
simultaneously access the grain dynamics at high sampling
frequencies and the long-time evolution of the monolayers.
For this reason, we decided to model the system using
computer simulations, which are able to unveil the detailed
properties of the material over long time scales. Moreover,
numerical simulations also eliminate the unavoidable (albeit
small in our case) experimental polydispersity in particle size
and interaction potential [47,54] and the presence of small
aggregates, excluding the effect of these factors from the
structural evolution of the monolayers.

The interactions between the particles at the interface
are dipolar [45–49]. The dipoles of the colloidal particles
are always perpendicular to the interface, and, since we are
working at moderate densities (the size of the particles is
smaller than their typical distance), the electrostatic potential
can be modeled as βVe(d) = U0/d

3, where β = 1/kBT , U0 is
the typical energy scale and d is the center-to-center distance
between two particles. The simulation results are presented in
reduced units with kBT = 0.01, and the mass and diameter of
the particle fixed at m = 1 and Rp = 1.4. In all simulations,
the energy scale is set to U0 = 102. This value is within the
range of values that have been used in previous works [24,42]
and guarantees that thermal fluctuations are irrelevant.
Moreover, we verified that the model produces a radial
distribution function in good agreement with the experimental
results [Fig. 6(a)]. Particles are placed in a squared simulation
box with periodic boundary conditions and the shearing disk
is modelled as a collection of short-range repulsive particles
[see Fig. 6(b)]. These initial configurations are evolved
using Langevin dynamics as discussed in Appendix B. We
perform simulations reporting the stroboscopic configurations
obtained after each cycles up to 5000 cycles. The same run in
experiments would require 14 hr of acquisition, which is out of
reach. All the results have been obtained using LAMMPS [55].
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Figure 5: (a) Voronoi diagram of a colloidal monolayer with
� = 13.5 % and (b) time evolution of the region enclosed
by the red rectangle. The gray cells are hexagonal, whereas
the colored cells denote the local defects of the structure
coming from particles with di↵erent numbers of neighbors,
e.g., 5 (yellow) and 7 (cyan). (cd) Phase angle of the local
 6 function for a monolayers sheared at ✓ = 10 o, ! = 0.1
Hz for 20 min. (c) Initial and (d) final state. Reprinted
figure with permission from Ref. [76] Copyright (2017) by
the American Physical Society.

plitudes (data not shown), a critical strain exists
above which the monolayer becomes fluid-like.

6. Conclusions and Outlook

In this short review, I have tried to give a per-620

sonal overview of a few hot spots in the use of
quantitative optical microscopy for the study of col-
loidal system. Of course, several at least equally im-
portant studies were not mentioned here for space
limitations. For instance, there is an increasingly625

large activity on the sedimentation kinetics and
equilibrium of active colloids that would fit per-
fectly within the scope of the present article but
was not discussed here. Similar comments hold
for other very active areas such as Digital Holo-630

graphic Microscopy, for microscopy combined with
optical/magnetic tweezers and for many others that
I will not even mention here.
The cases presented here are, to some degree at

least, ideal continuation of the original work of Per-635

rin, in which the microscope was not used as a mys-
terious box for qualitative observation but rather a

very sophisticated instrument for quantitative and
precise estimates to be compared with theoretical
predictions and models. Also, all the treated cases640

exhibit a very high potential of future development,
for which we all hold high expectations.

There is a need for more precise particle local-
ization tools as well as for faster super-resolution
microscopies that may be used to track small (and645

thereby fast) colloidal particles. We would like to
push even more the rheo-microscopy experiments
described in Section 5, to finally understand, for
example, how materials fracture and if there are
any precursors to this fracture. Finally, it is likely650

that DDM-µr could be extended to materials that
are inhomogeneous at the scale of the probe par-
ticles, or to situations in which the probe particles
are interacting or polydisperse. All these extensions
may one day bring microrheology to the industrial655

research labs, surpassing the adoption barrier that
prevented this to occur with particle tracking mi-
crorheology.
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