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Abstract: Drying coatings undergo internal dynamic densification and rearrangement, which are
challenging to discern with optical techniques due to their multiple scatterings of light. Experiments
such as diffusing wave spectroscopy (DWS) and laser speckle imaging (LSI) leverage these multiple
scatterings to reveal the in situ dynamics of the coating. In such experiments, the knowledge of
the sample volume that can be accessed and therefore studied is fundamental, especially in cases
of micrometer-scale coating thicknesses. In this paper, we present a robust and reliable method
using transmission geometry to calculate the parameter l∗, defined as the transport light mean-free
path, which is strongly related to the volume of the sample that light explores in DWS and LSI
experiments. We show how this dynamic parameter can be measured for liquid and solid film
samples and, crucially, in the case of time-evolving samples, such as drying coatings of paint or ink,
which has not been previously explored. We present a series of model ink samples and discuss the
evolution of their densification during drying through quantification of dynamic l∗.

Keywords: dynamic coating; drying ink; multiple light scattering; experimental technique

1. Introduction

The purpose of a coating is to create a long-lasting physical layer on top of a target
substrate through a dynamic solidification process, often via the drying or curing of an
applied liquid dispersion of particles or pigments. Coatings can be applied to a surface
using a number of methods, including inkjet printing, which is probably one of the most
widespread technological applications of microfluidics [1–3]. Inkjet printing is a reliable
method used to produce picoliter droplets, jetted at the desired spatial location to ensure
the high resolution and fidelity of the output. The reduced liquid volume used in inkjet
printing allows for faster drying of the coating, increasing the resolution of the output,
while hindering the study of their dynamics due to the small dimensions of the droplets.
Similarly, continuous coatings are often formulated to increase the drying rate without
inducing physical instabilities such as cracking, cissing, or peeling, resulting in the fast
evolving internal dynamics of the film [4–7]. Additionally, the substrates onto which these
inks and coatings are often printed offer a large deal of complexity, especially in the case of
porous substrates, such as paper or fabric, into which the fluid can be imbibed, altering
the solidification process [8–10]. Due to the complexity of these processes, involving
concomitant drying and imbibement, a general framework of a liquid interacting with
a porous or nonporous material remains unclear, requiring research into experimental
techniques that elucidate this highly dynamic process.

Techniques that utilize light scattering are ideal candidates for illuminating these
internal dynamics as they noninvasively probe the internal dynamics of an evolving
coating under industrial conditions. When light impinges onto an opaque material, such
as a wet pigmented coating or ink, a fraction of the incoming photons are reflected off
the interface, while others penetrate the sample, scattering off of the coating components
before being diffusively backscattered or transmitted. Understanding which volume of
the material is sampled by penetrating and diffusing photons is essential knowledge in
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multiple light-scattering experiments including in diffusing wave spectroscopy (DWS) and
laser speckle imaging (LSI). Extending the concept of DWS to an imaging format, LSI is a
noninvasive technique that was originally developed as a medical imaging technique to
measure under-skin or cerebral blood flow [11–13].

As this technique is extremely versatile, recently, it has been implemented in a number
of applications in materials science [14], including for studying the drying of droplets
and thin film [4,15], mechanical processes in art restoration [16], crack and fracture for-
mation [17], and structural rearrangements in granular materials [18]. With LSI, a digital
camera is used to acquire a large spatial region of the sample, which is illuminated with
a homogeneous field of expanded coherent laser light. The main advantage of LSI over
DWS is that each pixel on the sensor is representative of a portion of the sample, which
can be expressed in x, y coordinates, thus providing the spatial resolution that DWS lacks.
The volume explored by the photons during an LSI experiment is dictated by the transport
mean-free path l∗, which is often overlooked and not quantified, especially dynamically,
i.e., l∗(t). DWS and LSI experiments are performed at the limit where there is multiple
scattering but not yet strong localization [19]; at this limit, photon paths inside a sample
can be described within the diffusion approximation [20,21]. Importantly, this means that
a photon must scatter a sufficient number of times for its path to approach the statistical
limit of a random walk, i.e., the diffusive limit [22–24]. Only if photons exiting the material
have scattered enough times to be well within the multiple scattering diffusive regime is
the collected interference, or speckle pattern, a valid representation of the diffusing behav-
ior of the photons interacting with the sample. The change in the speckle pattern represents
the motion of the scatterers. Thus, the results obtained from DWS or LSI experiments are
challenging to interpret without knowledge of the scattering volume explored in these
light experiments.

Crucially, l∗ is a scalar quantity that expresses the extent of the multiple scatterings in
a material [22,25,26]. It expresses the distance photons travel before their original orien-
tation is entirely randomized, which, depending on the material, can range from several
millimeters for only mildly opaque materials to single microns for highly scattering ma-
trices [27]. The transport mean-free path depends on the size, concentration, and spatial
organization of the scatterers, and the refractive index contrast between scatterers and their
surrounding medium. Crucially, these factors dynamically change during the drying of
a coating. The polarization effects of the scatters can also affect l∗ if their optical proper-
ties are not isotropic, such as when the scatterers are formed from crystalline polymers.
Since l∗ is affected by a large number of static and dynamic factors, it cannot be accu-
rately calculated a priori for composite materials, such as a coating; yet, knowledge of its
magnitude is crucial for the quantitative interpretation of multiple scattering experiments.
Moreover, approximations underlying the theory used to interpret LSI data require that
the sample is at least thicker than several times l∗ [24], so precise knowledge of its value
is crucial for cases where sample dimensions may become comparable to l∗, as is the case
for small picoliter inkjet-printed droplets or thin coatings. Multiple experimental methods
have been developed to determine l∗ for opaque materials, including enhanced coherent
back-scattering [28,29], oblique angle illumination [30,31], photon time-of-travel distribu-
tion [32], laser wavelength modulation [33], speckle frequency domain correlation [34,35],
and comparison of transmitted light intensity with a reference material of known l∗ [22,36].

In this paper, we highlight the challenges encountered when measuring this crucial
material property and describe a facile instrument that robustly and reliably determines
the dynamic magnitude of l∗(t). We describe approach that determines l∗ using an opti-
cal transmission geometry using a reference sample of known transport mean-free path.
Crucially, this method also allows for the calculation of l∗(t) in a sample whose optical
properties change over time. As l∗ decreases over time, the scattering volume explored by
the scattered photons changes also decreases; thus, the interpretation of the resulting sam-
ple mobility also changes. This key conceptual approach has been previously unexplored
in the study of drying paints and inks.
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2. Materials and Methods

In multiple scattering transmission geometry or forward scattering experiments, where
the incident laser light fully traverses the thickness of the sample, the intensity of light
is measured using a detector placed on the opposing side of a sample from the laser
source. See Figure 1 for the setup and the relative schematic for transmission geometry
experiments [37–39]. Without a sample, the coherent and collimated beam is aligned to pass
through a pinhole positioned in front of a PMT; a single-mode fiber optic, with a diameter
of 4.5 µm, acts as a pinhole in this instrument. When a sample is inserted, light impinges
upon a nontransparent sample of thickness L with a light mean-free path l∗; only some
of the photons scatter and emerge on the other side of the sample. After passing through
the “analyzer” and pinhole, scattered photons finally reach the detector. Importantly,
for experiments relying on multiple scattering, introducing an optical analyzer component
in a crossed polarization scheme, compared to the source laser, in front of the detector,
is convenient as only those photons whose original polarization has been sufficiently
randomized due to numerous scattering events can pass the analyzer [40]. Singly scattered
or transmitted photons, which have not lost their original polarization sufficiently, are
blocked by the analyzer. If the photon light paths exiting the material are longer then several
l∗ lengths, then the polarization state is completely randomized, while a photon that has
not scattered conserves its original polarization. The role of the analyzer positioned before
the pinhole serves to block the photons that conserve the original polarization and therefore
have not scattered enough to be considered in the multiple scattering regime.

For samples of thickness L and mean-free path l∗, when L/l∗ > 5, the photons are
considered to be in the multiple scattering regime and can be approximated as random
walkers [25]. Thus, the number of photons that arrive at the detector, measured as normal-
ized intensity, is correlated to l∗. It has been demonstrated that the transmitted intensity
and l∗ parameter, when light absorption is negligible, are related through the following
equation [22,41–43]:

T =
I
I0

=
5l∗

3L

(
1 +

4l∗

3L

)(−1)
. (1)

Therefore, by using identical optical and geometrical components for different samples,
an unknown l∗ value may be calculated through the absolute transmission light intensity
L, and l∗ is known for different samples possessing a known l∗. Thus, with this approach,
the transmission intensity values we record for a reference sample, which, in our case,
is polystyrene particles dispersed in water of l∗ = 130 µm, are related directly to the
transmission intensity value for a sample of unknown l∗. We calculate this parameter
through Equation (1): the ratio of the two transmission values is equal to the ratio of
the right-hand side of Equation (1) for the two samples. In this evaluation, we do not
consider the absorption of the source laser light from a pigmented coating, such as the
yellow ink used in this study, which would change the calculated l∗; a laser wavelength
must always be chosen to minimize the absorption for a given series of samples. In this
series of experiments, we used green laser light at 532 nm on yellow ink, which minimized
absorption as the photon energy was above the band gap of the yellow pigment. However,
some absorption was still present. This could be quantified using reflection spectroscopic
measurement. We present these data in Appendix A, Figure A4. The reflected light
intensity was measured on a 0.15 mm thick draw-down of yellow ink as the difference
in the reflected intensity from a white reference card stock. These results show some
absorption of the incident laser light but clearly off the absorption maxima for this yellow
ink. Unfortunately, the complex interplay between the absorption and multiple scattering
events on the transport of a photon through a nonwhite ink has received limited attention
in the literature despite its clear importance [44].
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Instrument

To measure the transmission intensities in a forward scattering geometry, we built
a simple optical instrument, as presented in Figure 1. For this experiment, a laser source
at 532 nm (cobalt) of 5 mW to 350 mW intensity was used with the absolute intensity
controlled using software. The light was directed through a polarized filter (Thorlabs
LPVISC050, Bergkirchen, Germany) which ensured only one particular state of polarization
for the incident light. After a series of steering mirrors, the light impinged normal to the
sample. On the opposite side of the sample, an analyzer was set in a cross-polarization
scheme to the polarizer, which blocked unscattered photons and all photons with insuf-
ficiently short scattering paths, followed by a single mode fiber optic acting as a pinhole,
and finally a dector, photomultiplier tube. This PMT was connected via RF cables to a digi-
tal autocorrelator (ALV-7002/USB, ALV Instrument, Langen, Germany), which, through
dedicated software, produced both an autocorrelation g2 function and the time averaged
transmission intensity value.

Figure 1. Instrumental setup for l∗ determination; a schematic is shown on the right.

Liquid samples were measured through a quartz cuvette 2.00 mm thick. Solid samples
were placed on the optical path of the light, in the same position as the liquid filled cuvette.
To measure the l∗ of solid heterogeneous samples, such as paper, the solid sample wasl
slowly rotated off axis with the transmitted intensity recorded arising from different points
of the sample and then averaged [45]. This ensures the photons experience multiple average
paths, creating an averaged transmission light intensity signal avoiding discrete peaks
or valleys.

For dynamic l∗(t) experiments, ink films were prepared on a glass slide, with di-
mensions 5× 20× 0.15 mm, with 0.15 mm being the initial optical path thickness. Data
acquisition began seconds before the formation of the film over the glass. At this moment,
the analyzer, which was set in cross-polarization mode to the incoming beam, served to
fully block the beam at this position and avoid over-saturation of the detector. Using a
doctor blade, containing a liquid reservoir, we scraped a film of 0.15 mm thickness over
the glass slide. We recorded the first data point of the dynamic l∗ immediately after the
film formed, with a time resolution of microseconds, defined by the PMT detector. Photons
of the beam impinged the sample and multiply scattered inside the material, losing the
initial phase, polarization, and propagation direction. Given the sample thickness L was
greater than l∗ by at least one order of magnitude, photons emerging on the detector side
interfered each other, generating random constructive or destructive interference phases
and polarization, and were therefore not blocked from the analyzer. A schematic of the
possible photon paths is presented in Figure 2.
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Figure 2. Schematic of the experimental setup in transmission geometry. An incoming laser beam
impinges upon the sample from above in the vertical, normal direction to the sample surface. Some of
the photons (1,2) are reflected from the surface without exploring the sample. Photons that have not
scattered a sufficient number of times (3) conserve their original polarization and are blocked by the
analyzer component. Photons that have scattered a sufficient number of times (4,5) and have travelled
at least O(3l∗) lose their original polarization and are not blocked from the analyzer. After passing
through a pinhole, a single-mode optical fiber, they reach the detector. Finally, many more photons
(6) are scattered away, do not pass through the pinhole, and do not reach the detector.

The experiments performed in this transmission geometry were far more robust and
easy to approach with respect to the calculation of l∗ than in he evaluation of the backscat-
tered cone; this approach requires delicate alignment of the incident laser normal to sample
container, high-precision and repeatable detection angles, and micrometer positional preci-
sion between the center of rotation and sample location. By contrast, in the transmission
geometry, once the optical components are set in position and aligned, l∗ is repeatably
evaluated for a number of samples, including solid, liquid, and drying coatings.

3. Results and Discussion

This instrument allows for the measurement of l∗ for a number of samples under mul-
tiple experimental conditions. This includes determining l∗ for nonevolving and evolving
samples with time and nonevolving samples that do not change their internal structure
during the timescale of the measurement, for example, a dispersion in a sealed cuvette.
A schematic of the different processes arising during film formation is shown in Figure 3.
An evolving sample is one where dynamic movement of internal structural occurs during
the measurement, such as coalescence, or a phase change results in material refractive
index modification, for example, scatterers that concentrate as the dispersed liquid phase
evaporates as in the particular case of inks. Even prior to particle coalescence, deformations
may modify the light paths inside the dispersion. These concomitant processes, which, in
the case of picoliter ink droplets, happen at the timescale of one second, have a direct effect
on the scattering properties of the material and therefore also on l∗, usually decreasing
with time as the scatterer volume fraction increases.
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Figure 3. Schematic of drying processes and film formation for ink. In the first phase, particles,
which, in our case, are latex particles, are dispersing and diffusing in a mixture of water and glycerol.
After some time, the volatile phase evaporates, increasing the volume fraction of the scattering latex
particles. The rate of evaporation decreases with time as the volume fraction increases. At a high
volume fraction such that the particles nearly touch, internal capillary forces and deformation pre-
dominate and can cause particle deformation. Depending on the particular latex particles, coalescence
and film formation can then occur if the latex has a sufficiently low glass transition temperature.

Not quantifying the magnitude of the change in l∗ may lead to the incorrect interpre-
tation of the experiments that utilize multiple scattering. In the case of LSI measurement
on inkjet-printed droplets, if l∗ increases above the physical dimension of the droplet, then
the information recorded on scatterer mobility would not derive from the droplet volume
itself, but rather be highly influenced by the motion of the underlying substrate.

3.1. Measuring l∗or Nonevolving Samples

The starting point for all l∗ measurements is the calibration of the instrument through
a measure of light transmission across the reference sample, i.e., a dispersion of polystyrene
nanoparticles of a known volume fraction. Once this transmission value is established,
the transmission light intensity is measured for an unknown sample with unknown l∗ but
known L, the path length. Crucially, the same optical components and laser intensity must
be used, only then can l∗ be calculated by means of Equation (1). A temporally stable laser
source is crucial to measurement accuracy.

The measurement of l∗ for the model ink samples, detailed in the Materials section,
is shown in Table 1. The upper panel shows the value of l∗ for liquid samples, with the
lower panel showing l∗ for solid-phase samples. The variation in l∗ between these yellow
pigmented inks is small, varying by less than a factor of two. These samples, as for the
reference liquid, were measured in a sealed cuvette of precise thickness, L = 2.00 mm.
However, while the solid-phase paper substrates resulted in l∗ values on same order
of magnitude as the fluid samples, the solid plastic substrate, mylar, and a polymeric
elastomer, PDMS with embedded 1 wt% titanium nanoparticles, showed higher values
of l∗.

Table 1. Calculated l∗ values for nondrying samples. Liquid samples in the upper section and solid
samples in the lower. More information concerning the ink composition is given in the Appendix A.

Sample Measured l∗(t = 0) (µm)

ink A 5.1 ± 0.9
ink B 5.1 ± 1.1
ink C 8.3 ± 1.5
ink D 3.3 ± 0.5

commercial paper 4.2 ± 0.2
teslin paper 4.9 ± 0.2

mylar 9.7 ± 0.5
elastomer 150 ± 5
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These results demonstrate that DWS or LSI measurements obtained on ink picoliter
or very thin coatings yield valid and reliable outcomes. The collected photons can be
treated as having taken a random walk within the sample, as the magnitude of l∗ is similar
to the sample’s physical dimensions. Photons travel at least a few l∗ lengths inside a
droplet volume. The role of the analyzer here is important, as it blocks reflected photons
and photons that have not been scattered sufficiently to be randomly polarized; therefore,
they have traveled path lengths shorter than l∗. Since l∗, a thin coating, and a picoliter
droplet size are similar, there is a high probability that some if not most of the impinging
light explores only a fraction of the scattering sample volume and therefore is blocked
by the analyzer. Without this optical element, the measured intensity values needed for
Equation (1) are found to be inconsistent and sensitive to sample positioning.

3.2. Measuring l∗or Drying Liquid Films

When a liquid dispersion film or droplet dries, concomitant physical processes affect
the scattering properties of the material, i.e., l∗, to an unknown magnitude. Only when
l∗(t) remains smaller than the physical size of the coating or droplet can we consider the
light as performing random walk thorough the sample, and we can apply the diffusion
approximation, leading to accurate interpretation for the g1(t, τ) autocorrelation functions
in DWS or LSI experiments. Given the difficulty of measuring changes in l∗ for individual
inkjet-printed micrometer/picoliter droplets, here, l∗ is measured for an ink film of a known
thickness of L = 0.150 mm, with this initial height of the sample being achieved through the
use of a doctor blade. In a separate measurement, the weight of the sample is recorded with
time for each of the four inks at the same ambient conditions as the l∗(t) measurements.
Recorded data are normalized and fit using a Gaussian biexponential model, which best
describes the mass decay. Assuming the same decay for the sample height, L(t) is computed
as the film dries. Crucially, this change in thickness is taken into account when calculating
l∗(t) through Equation (1). The mass loss is shown in the inset in Figure 4: the normalized
mass (%) as a function of time for the first 5000 s after film preparation appears to follow a
quasi-linear drying rate, which reduces over time. The full picture of the mass loss for the
four inks at longer times is reported in Appendix A, Figure A1, where after approximately
104 s, the normalized mass stabilizes to approximately 40% of the initial value for all the
ink dispersions under investigation. Once L(t) is known, l∗(t) can be calculated from the
dynamic transmitted light intensity with a time resolution of a millisecond, as shown in
Figure 4 for four model inks averaged over repeats.

While each film does show a decrease in l∗(t), ink A follows a more complex change.
Around a film drying time of 500 s, a relative rapid increase in l∗ is followed by rapid
decrease in l∗; the results shown are consistent over multiple repeats. This repeatable
abrupt changes in l∗ are likely not due to the coalescence of particles, as the latex volume
fraction at this drying time is still low, at approximately 50 vol%. These abrupt changes
may be caused by the transport or binding of particles to the film air–liquid interface,
which would alter the fraction of photons entering the drying film and thus the transmitted
light intensity. Thus, even without the more complex analyses of DWS or LSI experiments,
a simple measurement of l∗(t) may reveal the local microstructure of a drying film.

For the other three samples containing latex grades B, C, and D, l∗(t) tended to
decrease continuously and smoothly, approaching an equilibrium value l∗(t) ≈ 2 µm
as the film drying mass loss exited its quasi-linear domain. As these room-temperature
experiments are below the glass transition temperature of the latex particles used for all
inks, coalescence is not expected at any drying time, even when the latex volume fraction is
extremely high; if coalescence does occur, l∗(t) is expected to show a significant increase as
the number of scattering interfaces abruptly decreases. For sample C, which started from a
higher value of l∗, the initial decrease was even faster respect to B and D. We speculate that
in the first part of the drying process, photons exploring the sample have more possibilities
to travel various l∗ lengths before exiting the material.
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Figure 4. Dynamical evolution of l∗ for ink sample A, B, C, D for the first 7000 s after film creation.
Insets: the corresponding relative mass loss.

We report in Appendix A, Figure A3, the relative l∗ vs mass loss for inks B, C, and D.
The results confirm that l∗ initially decreases faster than the relative mass loss; this is
consistent with previous experimental data [24], which also show that l∗ decreases faster
than the linear volume fraction increases in agreement with the predicted hard-sphere
Percus–Yevick structure factor, as seen in Figure 7 in [24]. While not measured, similar
dynamic changes in l∗(t) can be expected for inkjet-printed picoliter droplets, however,
over a much more compressed timescale due to more rapid drying. In droplet experi-
ments, there is a high probability that more of the collected photons exiting the liquid
volume explore the scattering volume underneath the droplet. In this case, a fraction of
the observable l∗(t) arises also from the change in the substrate, caused by dispersion
imbibement or fiber swelling in the very relevant case of paper substrates. To the best of
our knowledge, these measurements of the changes in l∗ during the drying of a liquid film
have not been studied before and are important to reliably prove that research involving
multiple scattering experiments are valid for exploring and interpreting rapidly evolving
microscopic-scale processes such as picoliter droplet evaporation.

4. Conclusions

We showed that l∗ is an essential parameter, often undervalued, to properly under-
stand, interpret, and evaluate any multiply scattered light experiment, especially when the
sample properties evolve over time. This parameter correlates to the volume of the sample
that can be accessed with impinging photons. We showed that the measurement of scattered
light intensity in a transmission geometry results in a facile and robust method to determine
l∗(t) compared with conventional measurement of the transport mean-free path length.
Using the described setup, l∗ can be measured both for the case of static solid or liquid
samples and measuring dynamic changes in l∗ for drying coatings films or inks droplets;
ink droplet measurements are currently ongoing within our laboratory. In particular, we
showed that in the case of drying ink films, l∗ tends to decrease during drying, initially
faster than the mass loss and then approaching an equilibrium asymptotically only after the
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rate of mass loss appears to alter from quasi-linearity. Importantly, the absolute value of l∗

found with this method validates the use DWS and LSI experiments on industrially relevant
thin coatings, as all such pigment ink samples have an l∗ in the same order of magnitude,
or even smaller, than the physical dimension of a drawn thin coating or a printed picoliter
hemispherical droplet. This opens the door to further noninvasive measurements of drying
coatings with multiple light scattering techniques that directly probe the in situ internal
dynamics and structure of a drying coating. We did not observe a “bronzing effect”, which
has been an active area of research within the coating community; we speculate that a
simultaneous combination of transmission l∗ determination and reflection spectroscopy
would illuminate this topic further.
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Appendix A

Table A1. All inks were composed of 66 wt% water, 5 wt% pigment, 12 wt% latex, and 17 wt%
glycerol. The latex composition was different for all four ink, resulting in small changes in the inks’
physical properties: pH value, density, viscosity, and surface tension at 2 s after deposition.

Sample Code pH Value Density (g/mL) Viscosity (mPa·s) ST@2s (mN/m)

A 8.2 1.0697 4.1 54

B 8.4 1.0702 4.3 56

C 8.2 1.0697 4.6 63

D 8.3 1.0701 4.8 65

Appendix A.1. Mass Measurements—Materials and Methods—Discussion

Figure A1. Normalized mass loss vs. time for the for inks corresponding to dynamic l∗ measurements.
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Film mass was measured using an analytical balance. For each repetition, on a glass
slide of dimensions 0.5 × 5 × 20 cm, we applied an ink film using a doctor blade of
0.150 mm thickness on the glass. Roughly 5 s after ink film deposition, the mass was
measured for 20 × 103 s at a rate of once per second. We performed the experiments for
inks A, B, C, D. All the curves follow the same trend: a quasi-linear decrease for the first
4 × 103 s, then reducing in drying rate, and finally asymptotically reaching a value around
40%, which is in close agreement with the starting values for the water content of the inks
assuming some water content remains trapped in the ink film.

Appendix A.2. Dynamic l* in the Case of Excessive Laser Power

We present, in Figure A2, a dynamic measurement of l∗ for ink 3A, but operating at
two different impinging laser powers: (a) 50 mW and (b) 350 mW at a 532 nm wavelength.
We can observe that in case (a), the trend in l∗ is similar to the one reported for other inks
in Figure 4: a fast decrease in the first period, followed by an asymptotic behavior towards
the end of the drying process. This trend drastically changes while using a higher laser
power, where we observe a rapid increase in l∗ after 1000 s. After 2000 s, we still recorded
an increasing trend, but the measurement was halted for PMT over-saturation. This high
laser power experiment shows that local heating of the film owing to excessive laser power
leads to structural modification, degradation of the sample, and likely induces coalescence
between the latex particles in the ink. We observe, at the laser spot location on the sample,
a transparent region that grows in size with time. This degradation produces a more
transparent material, where the l∗ parameter rapidly increases as more light, and therefore
recorded intensity, travels through the ink film, reaching the detector.

Appendix A.3. Dynamic l∗(%) vs. Mass Loss (%)

We present in Figure A3 the normalized mass loss with respect to the normalized mass
loss that occurs during drying. We report for the three inks, B, C, and D, an initial decrease
in l∗ faster than the mass loss. After this initial period, the two quantities decrease with a
value close to a slope of 1, which would correspond to linear dependence.

Figure A2. Two examples of calculated dynamic l∗ for the same ink in the cases of (left) 50 mW
laser power and (right) 350 mW laser power. Note: the different scales in the y axis; thus, high laser
power can lead to large changes in l∗, likely due to induced coalescence of latex particles within the
drying film.
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Figure A3. Normalized l∗ relative to the normalized mass loss for inks B, C, and D. Note the
faster-than-linear drop in l∗ relative to mass loss, which would be a diagonal line in the plot.

Figure A4. Absorption spectra of 0.15 mm thick film of ink A on white reference substrate card stock
(BYK-Altana 2811, Vessel, Germany). The incident laser wavelength, 532 nm, is indicated by the
vertical red line.
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