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Abstract: In situ laser diffractometry (LD) is increasingly used in oceanographic studies
to estimate sediment transport, particle fluxes and to assess the concentration of marine
phytoplankton. It enables an accurate characterization of the size distribution of suspended
particles from the scattering signal produced by their interaction with a collimated laser beam.
LD reliably reflects the sizes of suspensions dominated by nearly spherical particles; however,
when complex particle morphologies dominate the suspension (e.g. phytoplankton) the resulting
particle size distribution (PSD) may present significant variations attributed to different factors.
In particular, the orientation of non-spherical particles - which abound in the sea – modifies
LD measurements of PSDs. While this may be interpreted as a drawback for some studies (i.e.
when precise measurement of the volume concentration is required), we propose that detailed
analysis of this signal provides information on particle orientation. We use PDMS micropillars
with prescribed elliptical cross-sections to experimentally determine the dependence between the
spatial orientation of elongated particles and changes in the PSD measured with a LISST laser
diffractometer. We show that LD can be used to adequately characterize the different dimensions
of the non-spherical particles at specific orientations. Using this property, we describe and
validate a method to infer the preferential orientation of particles in the sea. Our study opens new
perspectives in the use of in-situ LD in ocean research.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The characterization of biotic and abiotic particle size distributions (PSD) in natural waters is
essential for a wide variety of scientific disciplines, ranging from ocean optics [1] and biological
oceanography [2,3] to sediment dynamics and marine geochemistry [4,5]. Absorption and
scattering by suspended particles strongly affect light propagation in the sea, thereby regulating
the availability of light for photosynthesis [6] and influencing ocean color information acquired by
remote sensing [7]. Suspended particles also influence trophic interactions within the planktonic
community, provide a habitat for microbial communities [8,9] and modulate vertical fluxes of
major biogeochemical components, pollutants, and contaminants [10–12]. These effects have
enormous interest for the understanding, prediction and management of the marine environment.
The distribution, size and shape of marine particles, including phytoplankton, are routinely

addressed by different methods including microscopy, electrical resistance sensing, optical
diffractometry and flow cytometry [13–16]. Some instruments allow determination of particles
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without further sample manipulation and hence providing detailed information (i.e. concentration
and size structure) of suspended sediments and plankton in the natural environment. Among
these, laser diffractometers are unique in that they are able to characterize the particles in
suspension from the angular distribution of a forward scattered coherent light and their use as a
suitable technique is rapidly expanding [17,18]. Several commercial in-situ operating instruments
such as the Multi-Angle Scattering Optical Tool (MASCOT) or the Laser In-Situ Scattering
and Transmissiometry (LISST) are based on this principle [19,20]. These instruments are now
routinely used for sediment and plankton studies [21–23].

Laser diffraction measurements require the use of an optical model - based on either analytical
theory or empirical data - in order to predict the distribution of light scattered by particles of
a specific size in the range of angles measured by the photodetectors of the instrument and, in
that sense, it is an indirect method [19,24]. The majority of LD instruments use Mie theory
for conversion from scattering to particle concentration and size. This theory provides exact
solutions to Maxwell’s equations for the problem of light propagation and diffraction from a
spherical obstacle without a priori imposed restrictions on particle size [25] . According to Mie
theory, the light intensity pattern resulting from the interaction depends on the wavelength of
the incident light, the dispersion angle considered, the particle diameter and its refractive index
[26]. A drawback for its use in marine samples is that many planktonic organisms and particle
aggregates present in seawater are of elongated forms, hence biasing LD measurements when they
represent a dominant fraction of suspended matter. When Mie theory is applied to characterize
these suspensions (e.g. a population of pennate diatoms), the PSD displays peaks that appear to
be related to the different axes of symmetry of the particles [2,27]. We will demonstrate that in
these cases LD provides information on particle orientation if size characteristics are known.

Theoretical studies of the light-scattering properties of non-spherical particles show that their
optical properties particularly deviate from those of spheres of the same volume as the optical
size increases) [28,29]. This is especially relevant in the case of large phytoplankton cells
(i.e. microphytoplankton) that often exhibit complex shapes or elongated morphologies with
length:width aspect ratios >5 [30]. In these cases, the intensity distribution of the scattered light
depends strongly on the orientation of the particles with respect to the incident beam [1,28,31]
and, ultimately, on the cross section of the particles in the plane perpendicular to the beam
[32–34].

In the sea, hydrodynamic shear can induce phytoplankton cell alignment with respect to local
flows [35]. Likewise, in sufficiently quiescent environments, the force of gravity can vertically
orient cell chains and particle aggregates [13]. Although evidences of these phenomena in the
natural environment are still scarce, recent studies show that preferential orientation of marine
particles may be more prevalent than previously believed [36–39]. Here, we describe a procedure
for inferring preferential particle orientation in the sea from the PSD spectrum obtained using
in-situ LD. This method requires knowledge of the approximate dimensions of the particles and,
thus, is best suited for the determination of phytoplankton orientation for which these can be
easily assessed by concurrent microscopy measurements. We use the diffraction signal provided
by a LISST-100X (Sequoia Scientific Inc.) laser diffractometer in a series of experiments carried
out using artificially constructed micropatterns to analyze the dependence of PSD spectrum
variations on the orientation of non-spherical particles, therefore providing a direct methodology
for assessing the orientation of particles in the sea.

2. Material and methods

Laser diffractometry allows estimating the PSD of the particles suspended in water. When
crossing the sample volume, the laser beam gets deviated by the particles, creating a scattering
pattern, which, in the particular case of the forward diffraction problem, is related to the size of
the particles. Usually, a detector array captures this diffraction and then used to solve a matrix
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equation that provides a volume concentration as function of equivalent spherical diameter (ESD),
for which it is normally assumed that the particles in suspension are spheres [19]. In particular
LISST obtains the particle volume concentration by size ranges (i.e. volume of particles in
the seawater per unit volume of seawater) using Mie theory. This instrument uses a 670 nm
collimated laser beam to illuminate the suspended particles and a partial-arc detector measures
the intensity of the scattered light, corresponding to 32 different size classes logarithmically
spaced from 2.5 to 500 µm [19,24]. In this size range, the light scattering pattern in small angles
is determined mainly by the size of the particles and by their refractive index [40].

As illustrated in Fig. 1, (a) spheroidal particle oriented at a certain angle ψ with respect to the
light direction is expected to scatter light in the same way as a particle having the dimensions
of its projection onto the plane perpendicular to the beam [32–34]. We use this property to
study in detail the influence of particle orientation on the PSD measured by laser diffractometry.
To keep the particles oriented at a certain angle ψ with respect to the incident beam, we use
polydimethylsiloxane (PDMS) micropillars randomly distributed on a PDMS plate (see Fig. 1(c)
and Appendix Fig. 7). Each PDMS plate was inserted vertically (θ=0) into the LISST-100X
sample chamber filled with pure (Milli-q) water where steady LD measurements were taken over
60s intervals.

Fig. 1. (a) 3D perspective view of a prolate spheroidal particle and its corresponding
projections (below) in the XZ (ψ angle rotation) and XY planes (θ angle rotation). (b)
XZ plane view: the major spheroidal axis b forms an angle ψ with the x-axis in the
orthogonal XY plane while oriented with an angle θ with respect to that same plane, where
the projected ellipse has b⊥ and a⊥= a as major and minor axis, respectively. (c) PDMS
chips with a uniform (top) and non-uniform (bottom) orientational distribution (ψ = 0 and
ε=0, respectively).

PDMS is an elastomer with excellent optical properties that is commonly used in microfluidic
applications. In addition, its refractive index (normalized by that of sea water) is ∼1.06 which
falls within the typical range of phytoplankton cells (1.02-1.07) [40]. The thin PDMS plates
engraved on one side with arrays of cylindrical pillars (with elliptical cross-section) were made
using standard soft photo-lithography techniques. The primary molds used to obtain the PDMS
plates were made using conventional glass slides onto which the opposite pattern was printed
with SU-8 photoresist (GM 1060; Gersteltec Sàrl) giving a final thickness ∼15 µm (which is
also the final thickness of the pillars appearing on the PDMS). The patterns on the transparency
masks used to print the primary molds were generated using Matlab software.
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In order to develop a methodology for analyzing the influence of particle orientation in the
LD signal, we carried out experiments with two sets of PDMS plates: a first set consisting of 7
plates of pillars having constant elliptical cross-section with a minor axis a=15 µm and a major
axis length (b⊥) varying from 15 to 75 µm in steps of 10 µm and constant in-plane orientation
(Table 1). These patterns were used to experimentally mimic 7 different projections in the XY
plane (Fig. 1(b) and Appendix, Fig. 7 left) of identical spheroidal particles having all exactly the
same predefined orientation (ψ, Fig. 1(c)). A second set of 5 PDMS plates was built to study
the case of non-uniform ψ orientation distributions and consisted of pillars with continuously
modulated elliptical cross-section with b⊥ varying from 15 to 75 µm, a=15 µm and constant
in-plane orientation (Fig. 1(d)). These plates are described by a single parameter ε that accounts
for the degree of randomness in ψ, where ε=0 indicates uniform random orientations, ε=-1 pillars
mostly oriented with the major axis parallel to the beam, and ε=+1 pillars mostly oriented with the
major axis perpendicular to the beam. These patterns were used to experimentally mimic identical
spheroidal particles oriented with a distribution of ψ following P(ψ) = [1 + ε cos(2ψ)]/π, which
results in the length b⊥ of the projected in-plane ellipses to be taken from the distribution

P(b⊥) =
1

b − a

[
1 − ε cos

(
π

b⊥ − a
b − a

)]
.

We varied the parameter ε from ε=-1 to 1 in steps of 0.5, resulting in a total of 5 different
patterns. In all cases, the pillars were randomly positioned within the PDMS plates in order
to only extract information on the elliptical pillars (and not on an underlying structure of the
array of pillars) from the LD experiments. Finally, we made the arrays such that the pillars never
overlapped and with an average distance between the (edge of the) pillars d=150 µm (giving
surface coverages of the pillars between ∼2 and 6% depending on the specific pattern).

Table 1. Size of the major axis and minor axis of the micropillars for each of the 7 orientations in
the XZ plane.

ψ 90° 70.5° 62.18° 53.1° 42.8° 29.9° 0°

b⊥ 15µm 25µm 35µm 45µm 55µm 65µm 75µm

a 15µm 15µm 15µm 15µm 15µm 15µm 15µm

3. Results and assessment

3.1. Variations in PSD define off-plane particle orientations

The normalized PSD for uniformly oriented elongated particles is shown in Fig. 2(a). For all 7
PDMS plates tested, it is characterized by a well-defined peak for size channels associated with
the diffraction pattern of the respective projection of the spheroid major axis. In fact, the position
of the main peak clearly sweeps the different size-channels within the range [a, b] for the different
values of ψ (or the equivalent values of the in-plane projected major axis b⊥; see Table 1) and,
although showing a slight tendency for underestimating b⊥, it is very well captured by a linear
nearly 1:1 fit (r= 0.92) (Fig. 2(c)). This simple and highly accurate relation allows for a direct
estimate of exact off-plane orientation from LD measurements if particle size is known, with
errors below 5%.

Similarly, for particle distributions with non-uniform off-plane orientations there is a significant
correlation (r= 0.90) between the average in-plane projection of particles< b⊥> and the different
values of ε (Fig. 2(d)), although they generically result in wider spectral peaks in the PSD (Fig.
2(b)). Once again, however, <b⊥> is consistently underestimated with notable deviation from
a 1:1 fit for the larger size channels. This is likely due to the non-negligible contributions of
projections with smaller b⊥ than< b⊥> to the overall signal. Nonetheless, these contributions can
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Fig. 2. Normalized PSDs from (a) the 7 PDMS plates with uniform off-plane orientationsψ ε
[0, 90] (red to blue), and (b) from the 5 PDMS plates with non-uniform off-plane distributions,
i.e. ε = [+1:0.5:-1] (red to blue). (c) The linear dependence between the position of the main
peak of the measured PSDs and b⊥ for uniform ψ; and (d) for non-uniform ψ with< b⊥>.
In red the linear fit to the experimental data; in blue the 1:1 reference slope. according to the
linear relationship between the major axis and the minor axis, adjusting it only once for the
case ε = 0.

be accounted for by using the uniformly random case (ε=0) to fit a single scaling parameter that
allows weighting differently the contributions to the signal from major and minor axis. By this
simple rescaling we recover a 1:1 relationship with the measured values for all ε (r= 0.98; Fig.
2(d)). Thus, the PSD signal can still be effectively used to estimate average off-plane projection
< b⊥> even in cases with highly non-uniform distributions.
An interesting feature of the PSD for elongated particle shapes is the relationship between the

ratio of the diffraction signal (in particle volume concentration, VD) captured at two different
size-channels (i.e. r12 =VDch1:VDch2) and the particle orientation in the XZ plane. For ch1=a
and ch2=b⊥, this relationship is well fitted by a negative exponential (r=-0.92, p<0.01; Fig. 3(a)).
A similar relationship (r=-0.90, p<0.01) is obtained if the ratio is calculated between the value
obtained by the PSD at the position of the major axis (ch1=a) and that returned by the PSD at the
position of the major axis of the spheroidal particle (ch2=b; Fig. 3(b)).
The described functional relationships allow inferring the orientation of the particles with

respect to the incident beam using either the measured position of the spectral peak or equivalently
rab. This ratio was indeed already used as a proxy for orientation in Font-Muñoz et al. (2019) and,
as we shall see below, it is a more generally convenient - although less accurate - parametrization
of orientational order than the direct measure of the spectral peaks.
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Fig. 3. a) The ratio of the diffraction signal r12 for the size of the minor axis (ch1=a) and
the size of the projected major axis (ch2=b⊥) of the micropillars with respect to b⊥ for the
different orientations ψ. b) The ratio of the diffraction signal rab but for ch1=a and ch2=b as
a function of b⊥.

3.2. PSD measurements with LISST depend on in-plane particle orientations

Although, theoretically, the rotation of spheroidal diffracting particles in the XY plane should
produce only negligible effects on LD signal - since the interference with the laser beam preserves
azimuthal symmetry - this is not the case when using LISST. Distinct orientations in θ do in fact
produce significant variations in measured VD due to the internal geometric configuration of the
LISST optical detectors. These alternate concentric, but only partially overlapping, ring sections
of different size ranges (32 rings) break the azimuthal symmetry of the diffracting light [41]. In
order to better characterize the measured diffraction signal for the specific arrangement of the
LISST photodetectors, we repeated the experiments described in the previous section but for 35
different orientations in the XY plane (i.e. values of θ, Fig. 1(b)).
As shown in Fig. 4, rotation of the micropillars in the XY plane yields marked variations for

each of the 7 ψ angles analyzed, with peak spectral values varying between a and b⊥ depending
on θ (see also Fig. 5(a)). At high ψ orientations (i.e. ψ = 90°), when the particles are aligned
with the laser beam, a (and thus b⊥=a) is well determined. However, gentle oscillations between
a and b⊥ occur at lower ψ (i.e. ψ = 70.5° and 62.2°). Fluctuations in the detected size become
more critical with decreasing ψ, with apparent discontinuous transitions from a to b⊥ as we sweep
θ for ψ <45°. Mean variations nonetheless show a clear periodic behavior (Fig. 4), with in-plane
orientations close to 0° (or 180°) presenting PSD maxima approaching b, while PSD maxima
in size-channels close to a occur at orientations ∼90° (or ∼270°). Results from the 5 PDMS
plates with varying degree of non-uniform off-plane orientational distribution of micropillars
(i.e. ε) are similarly consistent (see Appendix, Fig. 8 and 9), with θ-dependent spectral peak
values bounded between a and< b⊥> and with the normalized size values revealing a periodic
azimuthal variation (Appendix, Fig. 10).

3.3. In-plane average PSD data validates off-plane particle orientations

Our experiments reveal a predominance of the signal of the small axis of the elliptical projections
(i.e. a) in the θ-dependent size spectra (see Appendix, Figs. 11 and 12). This is clearly observed
in the normalized mean shown in Fig. 4, where maximum values only reach 0.6 instead of the
expected value of 1 (=b). This is further evidenced in Fig. 2(c) where, despite the good correlation
between the spectral peak and b⊥ (r= 0.91, p<0.01), the value of b⊥ is slightly underestimated
for any ψ. Indeed, when all θ angles are averaged (i.e. assuming cells are randomly oriented in
the XY plane) the PSD displays a unimodal distribution with a peak providing information only
about the minor axis of the pillars (a=15µm) although with a slight overestimation produced by
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Fig. 4. Position of the main peak of the PSD for each θ orientation of the PDMS plates in
the XY plane. Each panel corresponds to a to a different PDMS plate containing pillars with
distinct ψ orientation in the XZ plane. The normalized mean size varying from 0(=a) to
1(=b) for each θ orientation is shown in the bottom right panel. The red line corresponds to
a sinusoidal fit of the data. The red and blue lines indicate the sizes of the major a and minor
axes b⊥ of the corresponding projectionsψ.

Fig. 5. a) Variation of the size spectrum with θ alignment for ψ=42.8°. The black line
represents de envelope. b) Mean spectrum. The red and blue lines represent a and b⊥
dimensions. The shaded area marks the mean ± std.
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the displacement of the peak towards larger sizes (ā=16.8± 2.8 µm, Fig. 5). Conversely, b⊥ is
smeared out in the averaging and, even though its signal could be obtained by different methods
(i.e. by gaussian decomposition of the spectrum) its dimension is highly influenced by the weight
of a, and thus, underestimated.

If, as it is usually the case for in situ observations, we only have access to θ-averaged PSDs, the
blurring of the diffraction signal from b⊥ limits substantially the validity of the method discussed
above (see Sec. 3.1) for inferring the orientation of the particles with respect to the incident
beam based on the measured position of the spectral peak when using LISST. To overcome this
drawback, we make use of all our measured θ-averaged spectra to fit an empirical 2D function
for the ratio r12= r12(ψ, ch2). The fitted bilinear (planar) function shown in Fig. 6(a), provides
a good approximation to the measured values (with r=0.92) but with large residuals for large
size-channels (i.e. ch2 ∼ b). Hence, after inverting conveniently the fitted function, we can use
measured r12 values at specific size-channels to estimate off-plane orientations ψ=ψ(r12, ch2).
Moreover, the use of small ch2 (i.e. close to a) guarantees an accurate representation of our
empirical data (Fig. 6(b)).

Fig. 6. (a) 2D bilinear fit of r12(ψ, ch2). (b) The inverted linear function ψ (r12,
ch2= 32.54 µm) allows for an accurate estimate of the off-plane orientation ψ based solely
on r12 values. (c) r12 ratios measured with LISST-100X for Pseudo-nitzschia sp. (squares
from Rienecker et al. 2008; green dots from Font-Muñoz et al. 2019) and Phaeodactylum
tricornutum (orange dots from Font-Muñoz et al. 2019). Black dashed line is ε (r12,
ch2= 32.54 µm). Orange dashed line is a linear fit to the measured data from P. tricornutum.

We further validate this method by comparing previous calculations of non-uniform orientations
of elongated cells and published PSD data with the estimates of the technique discussed herein. For
instance, our method compares well with previously reported values of preferential orientation in
waters dominated by Pseudo-nitzschia sp. cells (i.e. during a bloom), whose sizes are compatible
with those of our PDMS pillars. Moreover, comparison between lab and field measurements
[2] suggests a slight preferential orientation for in situ conditions (Fig. 6(c)), a scenario fully
compatible with known biophysical mechanisms capable of inducing preferential orientations in
the sea. Finally, even for cells in a very different size range but with similar aspect ratio, such
as Phaeodactylum tricornutum grown in lab cultures, our estimates provide a good qualitative
hint of preferential order (i.e. identifying random from mostly horizontal/vertical arrangements)
under different levels of artificial agitation.

4. Conclusions

In situ laser diffractometry is a method with high applicability to the study of suspended particles
in the marine environment. It provides detailed characterization of particle size and abundance.
Here, we expand the sampling capabilities of LD to the estimation of preferential particle
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orientation in the sea that can contribute to the understanding of key processes in the fields of
marine optics and plankton ecology. The influence of variations in particle orientation on light
propagation in the sea are as important as other well-known factors such as particle rugosity or
composition [42]. Indeed, full quantification of the errors associated with scattering from complex
particles requires information on particle orientation. Likewise, cell orientation intervenes in key
biological processes such as the formation of thin layers or cell pairing [38,39,43].
Our analysis reveals the influence of non-spherical particles in the PSD, which allow us to

implement a method to assess preferential particle orientations in the sea from LD measurements.
We found that variations in the PSD can be used to obtain valuable information on the preferential
orientation of the particles in suspension. In the general case (section 3.1), ψ can be accurately
estimated to within 5% (Fig. 2(c)). While the provided methodology is limited to rather
homogeneous suspensions, and knowledge on the dimensions of the particles is necessary, it
provides highly valuable information for phytoplankton and particle dynamics. Moreover, this
is frequently the case of pennate diatom blooms, where it is possible to obtain information on
the orientation of the particles by analyzing the size of the particles from discrete samples –i.e.
using light microscopy- and measurements of laser diffractometry.

LISST hardware specifically, which was designed for other purposes, presents some limitations
for accurate estimation of ψ. This obliges to use an empirical bilinear function (Fig. 6(a))
that reduces the accuracy of ψ estimations to within 10%. Nevertheless, even in this case, the
estimated orientations following herein presented methodology should be adequate for most
applications, even in cases where cell sizes are markedly distinct from the range used to fit our
empirical function.
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A. Appendix

Supplementary figures are included in this appendix. They comprise raw experimental details,
average PSDs and equivalent θ-dependent analyses for cases not covered in the main sections.

Fig. 7. Photolithographic micropillar masks for the 7 ψ angles (left) and 5 ε randomness
(right).
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Fig. 8. a) Variation of the size spectrum with in-plane orientation θ for ε=0.5. The black
line represents de envelope. b) Mean spectrum. The red and blue lines represent a and b⊥
dimensions. The shaded area marks the mean ± std.

Fig. 9. PSD for random orientation distributions, in blue for orientations of 0° (or 180) in
red for orientations of 90° (or 270°) in the XY plane (x-axis is in log scale).
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Fig. 10. Position of the main peak of the PSD (from Gaussian decomposition) for 35
orientations in the XY plane for the 5 different PDMS plates with non-uniform distributions.
The red lines indicate the size of the minor axis of the micropillars, while the blue lines
indicate the size of the mean value of the major axis (i.e. < b⊥>) in the micropillars. The
normalized mean size varying from 0(=a) to 1(=b) for each θ orientation is shown in the
bottom right panel. The red line corresponds to a sinusoidal fit of the data.
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Fig. 11. Average PSD of all 35 orientations in the XY plane for each orientation in the XZ
plane. The red and blue lines indicate the sizes of the minor (a) and major axis (b) of the
micropillars.

Fig. 12. Average PSD of the 35 orientations in the XY plane of the different random
orientation distributions characterized by the epsilon parameter. The red lines indicate the
size of the minor axis of the micropillars, while the blue line indicates the size of the average
major axis of the micropillars of the random distribution.
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