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Microplastics fibers are abundant in aquatic environments and are an emerging environmental threat. Under
standing how fibers are transported in aquatic environments is essential for identifying pollution hotspots and
developing remediation strategies. Over recent years, an increasing number of drag models have been proposed
to describe the transport of microplastics in aquatic environments. However, none of the proposed models
consider secondary motions, which are responsible for non-vertical settling motions. To investigate the role of
secondary motions, an experimental setup with an image processing technique was developed to capture the
spatial-temporal kinematics of microplastic fibers settling in quiescent water. A new drag model, which adopts
the crosswise sphericity to consider the effects of secondary motions of a microplastic fiber and the Aschen
brenner shape factor to account for the unique morphology of the microplastic fiber, was proposed and evalu
ated. Secondary motions of microplastic fibers have profound effects on their settling trajectories and deposited
positions. The settling motion and drag coefficient of a microplastic fiber is an orientation-dependent process.
Moreover, the secondary motion is strongly dependent on the fiber dimension and density. The here-proposed
drag model is proven to more accurately characterize the settling motion of microplastic fibers compared to
existing models that neglect secondary motions. The methodology and model from this study can be used to
progress towards improved and realistic predictions of the transport of microplastic fibers in aquatic
environments.

1. Introduction
Microplastic pollution has emerged as a pressing environmental
concern (Blettler et al., 2018). In particular, aquatic environments are a
major sink for microplastic pollution (Zhao et al., 2019). Among the
microplastics detected in aquatic environments, fibers, which are
generally released from laundry effluent (Napper and Thompson, 2016)
and fishing gear (Xue et al., 2020), are commonly reported (Chen et al.,
2021). More importantly, microplastic fibers have been traced in the
food chain (Bessa et al., 2018), which may pose a threat to human health
(Senathirajah et al., 2021). Evidently, the identification of pollution
hotspots and remediation strategies are urgently needed. To tackle this
problem, the improved prediction of the transport of microplastic fibers
is a prerequisite (Zobkov et al., 2019). This is because transport governs
the concentration depth profile (Cowger et al., 2021) and residence time
(Khatmullina and Isachenko, 2017) of microplastic fibers in aquatic
environments.
Generally, the transport of microplastics in aquatic environments can

be modeled using the modified Maxey-Riley equation (DiBenedetto
et al., 2018; Roy et al., 2022), which is expressed as follows (Yin et al.,
2003):
mm

dum
= FG + FB + FD + FL + FV + FP
dt

(1)

where mm is the microplastic mass, um is the microplastic velocity, t is
the motion time of the microplastic, and d/dt is the time derivative
following the moving microplastic. The terms on the right side of Eq. (1)
represent the forces due to gravity (FG), buoyancy (FB), drag (FD), lift
(FL), virtual mass (Fv), and pressure gradient in the fluid (FP), respec
tively. In industrial processing, the Basset history force and Faxén terms
are generally neglected where particles are considered to be large. For
example, Yin et al. (2003) and Carranza and Zhang (2017) ignored these
two terms for particles with lengths of 50 mm and 20.2 mm, respec
tively. As such, the Basset history force and Faxén terms are generally
neglected for microplastic particles (DiBenedetto et al., 2018; Roy et al.,
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2022). Eq. (1) can be expanded to show each force as follows (Yin et al.,
2003):
mm

of the Supplementary Material.
This study aims to reveal and characterize the effects of the sec
ondary motions of microplastic fibers on their transport. To achieve this,
an experimental setup is developed along with a novel image processing
technique to capture the secondary motions of the settling microplastic
fibers. A new drag model is developed to consider the effects of sec
ondary motions. The experimental data is then used to evaluate the
newly-developed drag model.
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where ρm and ρf are the particle and fluid densities, respectively, g is the
gravitational acceleration, uf is the fluid velocity, CD and CL are the drag
and lift coefficients, respectively, Ap is the projected area of the particle
normal to the settling direction, and D/Dt is the time derivative of the
fluid element.
When using Eq. (2) to model the transport of microplastic fibers in
aquatic environments, the physical properties of the microplastic fiber
and fluid (i.e., mp , ρp , ρf , and Ap) can be measured and the kinematics of
the microplastic fiber and fluid (i.e., up and uf) are obtained by using the
time derivative of the displacement at each time step. For a cylindrical
particle (e.g., microplastic fiber), Mando and Rosendahl (2010) reported
that its drag coefficient governs its settling motion and its lift coefficient
governs its lateral motion. The lift coefficient of a cylindrical particle can
be estimated using its drag coefficient and settling orientation (Yin et al.,
2003; Zastawny et al., 2012) as follows:
CL = CD ⋅cos2 θ⋅sinθ

2. Materials and methods
2.1. Microplastic fibers
The microplastic fibers used in this study were cut from strands of
polyester ropes. The titration method (Section SM2 of the Supplemen
tary Material) was used to measure the density of the microplastic fibers
(ρm=1308 kg/m3). The length and diameter of each microplastic fiber
were measured based on images captured by the digital microscope
(Section SM3 of the Supplementary Material). The microplastic fiber
lengths range from 5 to 15 mm, and the fiber diameters range from 0.45
to 0.85 mm, which are dimensions that are commonly used in similar
settling experiments (Waldschlager and Schuttrumpf, 2019).
2.2. Experimental setup

(3)

The experimental setup consists of a water column, image acquisi
tion system, and illumination system (Fig. 1a).
The settling motion of a given microplastic fiber in the water column
is tracked by using a camera that captures videos with images at a pixel
resolution of 1920 × 1080 and a frame rate of 50 frames per second. A
mirror was placed at the side of the column to enable the reflection of
the motion of a given microplastic fiber from the side of the column. By
adjusting the position of the camera, the camera can be used to simul
taneously capture the motion of a given microplastic fiber from both its
front and reflected side view in the mirror. Fig. 1b shows a pair of images
captured from two different views. A given microplastic fiber will have
the same vertical coordinate (i.e., y and y’ coordinates in Fig. 1b) in the
front and reflected side views, which can later be used as a frame of
reference to reconstruct its 3D setting motion. The advantage of this
setup is that it enables images from two different views (i.e., front and
reflected side) to be captured without the need for multiple cameras (cf.
Will et al., 2021).
To ensure high-quality images, an illumination system is required.
The system consists of LED lamps with diffusers. The experimental setup
was placed inside a darkroom to avoid the influence of external lighting.
A white backdrop was positioned behind the column to maximize the
color contrast between a given fiber and its background.

where θ is the settling orientation, which is defined as the angle between
the principal axis of the particle and the horizontal plane. Evidently,
appropriate drag coefficients are central to obtaining reasonable pre
dictions of both the settling and lateral motions of microplastic fibers in
aquatic environments.
While a multitude of drag models have been proposed for the pre
diction of the drag coefficients of microplastic fibers settling in water
(Khatmullina and Isachenko, 2017; Waldschlager and Schuttrumpf,
2019; Zhang and Choi, 2022), existing models do not take into account
the effects of the secondary motions on the drag coefficients. In fact, it
has been demonstrated in other disciplines that secondary motions
strongly influence the drag coefficient (Chow and Adams, 2011; Will
et al., 2021). This is because secondary motions, which are the oscilla
tory behaviors of a particle as it settles in quiescent water, are generally
initiated by shedding wake vortices (Bagheri and Bonadonna, 2016).
With secondary motions, the pressure acting along the surface of the
particle is redistributed (Chow and Adams, 2011), which causes an
additional lift force to change the settling orientation (Zastawny et al.,
2012). Both the lift force and settling orientation induced by secondary
motions can affect the drag coefficient, and thus, the transport of
microplastic fibers (cf. Eq. (3)).
To characterize the effects of secondary motions on the drag coeffi
cient, Holzer and Sommerfeld (2008) and Song et al. (2017) adopted the
crosswise sphericity (i.e., the ratio of the projected area of the volume
equivalent sphere of the particle to the projected area of the particle
normal to the settling direction) in their drag models. However, the
applicability of the models proposed by Holzer and Sommerfeld (2008)
and Song et al. (2017) for predictions of the drag coefficients of
microplastic fibers remains questionable. This is because Holzer and
Sommerfeld (2008) and Song et al. (2017) proposed their drag models
for non-microplastic particles in industrial processing (e.g., aluminum
and steel particles) and adopted sphericity (i.e., the ratio of the surface
area of the volume equivalent sphere of the particle to the surface area of
the particle normal to the settling direction) as a second shape factor,
which has been demonstrated to have limitations for describing the
morphology of microplastic fibers (Zhang and Choi, 2022). Thus, a drag
model that can characterize the secondary motions of microplastic fibers
is required to improve predictions of their transport in aquatic envi
ronments. The aforementioned drag models in the literature for micro
plastic fibers and non-microplastic particles are summarized in Table S1

2.3. 3D reconstruction of microplastic fiber kinematics
Obtaining the kinematics of a microplastic fiber (e.g., settling ve
locity and settling orientation) is a prerequisite for capturing its sec
ondary motion. Generally, the settling velocity of a microplastic fiber
can be determined by using either the particle tracking velocimetry
(PTV) technique (Nguyen et al., 2020) or particle image velocimetry
(PIV) technique (Waldschlager and Schuttrumpf, 2019). Both PTV and
PIV can be used to track the velocity of an object by dividing the
displacement between two successive frames by the time interval
(Qureshi et al., 2020). The main difference between PTV and PIV lies in
how the particle displacement is obtained. More specifically, PTV tracks
the motion of an individual particle, whereas PIV tracks the image
texture to acquire the particle displacement (Gollin et al., 2017). How
ever, both PTV and PIV techniques regard a given microplastic fiber as a
point mass and thus cannot be used to determine its settling orientation,
which needs to be calculated by using the 3D coordinates of its end
points (Carranza and Zhang, 2017). To address this problem, an image
2
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Fig. 1. Experimental setup for studying secondary motions of microplastic fibers settling in water. (a) Schematic of the experimental setup. The main individual
components of the setup are annotated as: 1) water column; 2) fiber release platform; 3) base LED lamp; 4) SLR camera; 5) mirror; 6) side LED lamp; 7) diffuser; O:
the origin of the coordinate system adopted for fiber tracking; and (b) Pair of typical captured images from the front of the water column and the mirror reflection
view of the same fiber. The length and diameter of the fiber shown are 15 mm and 0.65 mm, respectively.

processing method was developed to identify the endpoints of a settling
microplastic fiber in real-time. Details of the image processing method
are provided in Section SM4 of the Supplementary Material. Herein we
only briefly introduce the development of the image processing method
and how it reconstructs the 3D kinematics of a microplastic fiber settling
in water.
Since only a single camera is used to synchronously capture the two
planes of interest, the captured microplastic fiber contours will inevi
tably be distorted (Wu et al., 2019). To address this problem, the
perspective transformation algorithm is adopted. After which, each
corrected image is converted into binary using the background sub
traction technique (Piccardi, 2004). After binarization, a given micro
plastic fiber contour on each image appears as a white area against a
black background. The endpoints of a given microplastic fiber from each
pair of binarized images can then be identified using the
Moore-Neighbor Tracing algorithm embedded in MATLAB. The last step
is to reconstruct the settling motion of a given microplastic fiber in three
dimensions based on the 2D coordinates of its endpoints. Since the pair
of images share the same vertical edge (Fig. 1b), the 3D coordinate of
each endpoint can be found by comparing the vertical coordinates of a
pair of images (i.e., y and y′ coordinates in Fig. 1b). Subsequently, an
iterative procedure can be used to process each pair of images to record
the time history of the 3D coordinates of each endpoint of a given
microplastic fiber. With the time-varying 3D coordinates, the
spatial-temporal kinematics of a given microplastic fiber that is settling,
including its position, velocity, and orientation in the 3D space can be
obtained (Section SM5 of the Supplementary Material).
To evaluate the reliability of the proposed image processing method,
we compare reconstructed settling orientations and velocities against
the ones measured from the experiments. The evaluation details are
provided in Section SM6 of the Supplementary Material. The evaluation
results show that the proposed image processing method can success
fully track the 3D motions of a given settling microplastic fiber.

ρ m Vm

duz
1
1
duz
= ρm Vm g − ρf Vm g − CD ρf AP u2z − ρf Vm
2
2
dt
dt

(4)

where Vm is the microplastic fiber volume that is determined based on
the fiber mass (M) and density (ρm) or estimated by using the fiber length
(L) and diameter (D), i.e., Vm=M/ρm≈0.5π LD2, and uz is the settling
velocity of the microplastic fiber. It should be noted that the force due to
the pressure gradient in the fluid (i.e., the last term in Eq. (2)) is
neglected herein because one-way coupling between the settling
microplastic fiber and water is assumed. More specifically, the settling
microplastic fiber is assumed not to influence its ambient fluid field
(DiBenedetto et al., 2018; Roy et al., 2022). With this assumption, the
fluid velocity (uf) is zero, and thus the force due to the pressure gradient
is zero (cf. Eq. (2)).
The projected area of a given microplastic fiber settling with its
principal axis parallel to the horizontal plane is calculated as the product
of its length and diameter, i.e., AP=LD. If a microplastic fiber settles at an
orientation with an angle (θ) between its principal axis and the hori
zontal plane, then its projected area is calculated as AP,θ = AP cosθ. Thus,
combining AP,θ with Eq. (4), the drag coefficient can be expressed as
follows:
)
(
]
[(
)
1 2Vm
ρm
1 ρm duz
+
CD,θ =
−
1
g
−
(5)
cosθ AP u2z
2 ρf
ρf
dt
Based on Eq. (5), an orientation-dependent drag coefficient (CD,θ ) can
be obtained by using the settling velocities and orientations measured
from the experiments of this study.
2.5. Experimental program and procedures
The lengths of the microplastic fibers tested in this study were varied
as 5 mm, 10 mm, and 15 mm, respectively. The diameters of these
microplastic fibers are 0.45 mm, 0.55 mm, 0.65 mm, and 0.85 mm,
respectively. To ensure repeatability, each test was conducted three
times for a total of 36 unique tests. The details of the test program are
provided in Table S2. After each experiment, the images captured were
processed by using the proposed 3D reconstruction method. Then, the

2.4. Characterization of settling hydrodynamics of microplastic fibers
Based on Eqs. (1) and (2), the settling motion of a microplastic fiber
in quiescent water can be expressed as follows:
3
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kinematics and hydrodynamics of each settling microplastic fiber were
interpreted. The detailed test procedures are described in Section SM7 of
the Supplementary Material.

further demonstrate that microplastic fibers indeed traverse laterally as
a result of secondary motions.
These results are not surprising because microplastic fibers satisfy
the criteria for the onset of secondary motions of a settling particle. More
specifically, a settling cylindrical particle with an aspect ratio (i.e., the
ratio of length to diameter) that is greater than 1.7 may exhibit sec
ondary motions (Christiansen and Barker, 1965; Mando and Rosendahl,
2010). As such, the microplastic fibers, with aspect ratios from 5 to 34,
used in this study were observed to exhibit secondary motions. As dis
cussed, secondary motions are initiated by wakes behind a settling
particle. Jayaweera and Mason (1965) reported that wakes appear as the
Reynolds number becomes larger than 26 for a cylindrical particle. The
Reynolds numbers of microplastic fibers used in this study range from 30
to 88. Furthermore, the Reynolds number of microplastic fibers that are
settling in quiescent water can be up to 157 in the experiments reported
by Khatmullina and Isachenko (2017). Taken together, it can be
concluded that microplastic fibers are prone to secondary motions as
they settle in water.

3. Results
3.1. Settling velocity
The temporal change in the settling velocity of a typical microplastic
fiber (test ID: L05D45) is shown (Fig. 2). The microplastic fiber initially
accelerates (i.e., acceleration stage) before reaching a steady velocity (i.
e., steady stage). Despite exhibiting some velocity fluctuations during
the steady stage, the relative errors (RE) between the maximum (i.e.,
uz1max, uz2max, uz3max) and minimum (i.e., uz1min, uz2min, uz3min) veloc
ities are smaller than 5 %. Thus, the average values of the measured
velocities in the steady stage (i.e., uzt1, uzt2, uzt3) can be considered as the
steady settling velocities of the microplastic fibers (Waldschlager and
Schuttrumpf, 2019). The maximum relative error (REmax) of the steady
settling velocities among the three repeated tests is 4.3%, which in
dicates a high degree of repeatability. The time history of the settling
velocities of all microplastic fibers used in this study is provided in
Section SM8 of the Supplementary Material. All microplastic fibers
tested in this study reach their steady settling velocities after an accel
eration stage.

3.3. Settling orientation
The temporal evolutions of the settling orientation of all microplastic
fibers tested in this study are provided in Section SM10 of the Supple
mentary Material. Since all tests exhibit a similar trend, only a typical
test result (i.e., L05D65) is shown (Fig. 4).
It can be found that the orientation of a settling fiber changes during
its acceleration and steady stages. It is evident that the settling motion of
a given microplastic fiber is an orientation-dependent process. More
over, the settling orientations of all microplastic fibers tested in this
study appear to show a sinusoidal dependency with time (Fig. S12). As
such, the relationship between the settling orientation and time can be
expressed as follows:

3.2. Settling trajectory and deposited position
Fig. 3a shows the reconstructed 3D settling trajectories of three
typical microplastic fibers used in this study (test IDs: L05D85, L10D65,
and L15D55). It can be observed that the microplastic fibers, which were
all dropped from the centroid of the releasing platform (cf. Fig. S9a), do
not settle vertically in the column. Also, the microplastic fibers are
observed to settle at different orientations in the 3D space. The recon
structed 3D settling trajectory of all microplastic fibers tested in this
study is provided in Section SM9 of the Supplementary Material.
The observed non-vertical settling trajectories and settling orienta
tions demonstrate the importance ofsecondary motions. Moreover, the
final deposited position of the microplastic fibers tested in this study is
perhaps one of the most telling indicators of non-vertical trajectories
(Mrokowska, 2018). The final positions follow a normal distribution
around the position at the onset of the settling motion (Fig. 3b). Findings

θ = Asin(Bt + C) + D

where A, B, C, and D are constants that represent the amplitude, phase,
phase shift, and amplitude shift, respectively. The sinusoid-dependent
orientation of a settling slender body (e.g., needle, rod, and fiber) has
also been reported by Toupoint et al. (2019). While we cannot observe a
whole sine period for the fibers in this study due to our limited column
height, it is still possible to deduce that the settling orientation of a
microplastic fiber oscillates following a sinusoidal pattern.
It should be noted that, while the settling orientation of all micro
plastic fibers tested in this study exhibits a similar sinusoidal trend, the
sinusoid-dependent orientations of each microplastic fiber has different
constants (Eq. (6)). This is not surprising because the microplastic fibers
used in different tests exhibit different settling velocities, and thus they
have different total settling times.
Therefore, to quantify the temporal variation of the settling orien
tation, a characteristic time scale is required to enable a comparison of
the settling times of the microplastic fibers used in different tests. More
specifically, the instantaneous settling time (e.g., settling time shown in
Figs. 2 and 4) from different tests needs to be normalized. The dimen
sionless settling time (t*), which is calculated as the ratio of the
instantaneous settling time (t) to the total settling time (T), i.e., t*=t/T,
is used as a characteristic time scale for all of the tested microplastic
fibers. Therefore, as shown in Fig. 5, the expression of the sinusoiddependent orientations for all tested microplastic fibers in this study
can be obtained by using non-linear regression:
θ = 3.8sin(4.5t ∗ + 2.2) + 7.4

(7)

While Eq. (7) can be used to predict the temporal variation of the
settling orientation of a given microplastic fiber, the dimensionless
settling time (t*=t/T) in Eq. (7) must be known a priori. However, the
total settling time (T), which is used to calculate t*, cannot be obtained
before conducting a test. Therefore, for time-resolved modeling of

Fig. 2. Time-history of the measured settling velocity of a microplastic fiber.
The length and diameter of the fiber are 5 mm and 0.45 mm, respectively.
Measurements are taken (i.e., t = 0) when the fiber is 70 mm beneath the water
surface.
The
relative
error
(RE)
is
calculated
as
maximum velcocity− minimum velcotiy
×
minimum velociy

(6)

100%.
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Fig. 3. Settling trajectory and final deposited position. (a) Reconstructed 3D trajectories of three microplastic fibers (test ID: L05D85, L10D65, and L15D55) used in
this study. Measurements are taken (i.e., z= 0) when the fiber is 80 mm beneath the water surface. The time interval between each settling position of the
microplastic fiber is 0.3 s; and (b) final deposited positions of all microplastic fibers tested in the experiments of this study.

Fig. 4. Temporal evolution of the settling orientation of a microplastic fiber.
The length and diameter of the microplastic fiber are 5 mm and 0.65 mm,
respectively (test ID: L05D65).

Fig. 5. Relationship between measured settling orientations and dimensionless
settling time. The error bar means the standard deviation of the results of three
repeated tests.

microplastic transport (e.g., Eq. (1)), it is not trivial to directly incor
porate the predicted settling orientation (Eq. (7)) into the governing
equations. To enhance the scalability of the prediction model of the
settling orientation (Eq. (7)), the total settling time (T) should be
obtainable based on measurable parameters (e.g., microplastic fiber
dimension, density, volume, etc.).
Waldschlager and Schuttrumpf (2019) reported that the settling
velocities of microplastics are linearly dependent on the dimensionless
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3
fiber diameter (D∗ = LD2 (ρm /ρf − 1)g/ϑ2 , where ϑ is the viscosity of

dimensionless fiber diameter. Fig. 6b shows the relationship between
the total settling time and dimensionless fiber diameter. It can be
observed that the total settling times exhibit a linearly-dependent rela
tionship with the dimensionless fiber diameter:
T = − 0.11 D ∗ +11.01

(8)

By combining Eq. (7) with Eq. (8), the prediction model of the
settling orientations of a microplastic fiber can be recasted as:
(
)
4.5
θ = 3.8sin
t + 2.2 + 7.4
(9)
∗
− 0.22D + 11.01
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3
The dimensionless fiber diameter (D∗ = LD2 (ρm /ρf − 1)g/ϑ2 ) can

the fluid). Similarly, a linearly-dependent relationship between the
average settling velocities and dimensionless fiber diameters is observed
in this study (Fig. 6a).
Moreover, the settling distances of all tested microplastic fibers is
constant (Fig. 3a). Thus, it is reasonable to hypothesize that the total
settling time of each microplastic fiber, which is the ratio of settling
distance to the average settling velocity, is also dependent on the

be determined a priori since both the fiber (i.e., L, D, ρm ) and fluid (i.e.,
ρf , ϑ) properties are measurable. As such, the settling orientation of a
microplastic fiber can be estimated by using Eq. (9) at each time step for
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Fig. 6. Relationship between settling velocity, total settling time, and dimensionless fiber diameter. (a) Relationship between settling velocities and dimensionless
fiber diameter. The average value of all measured velocities from each test is used. The error bars show the standard deviation of the results from the three repeated
tests; and (b) relationship between the total settling time and dimensionless fiber diameter.

time-resolved modeling based on the Lagrangian particle-tracking
method (e.g., Eq. (1)). To evaluate the developed model for pre
dictions of the settling orientation of a given microplastic fiber (Eq. (9)),
the calculated settling orientation (θcal) is compared with that measured
(θmea) in Fig. 7. The average error (AE), which is calculated by using Eq.
(10), can be used to statistically evaluate the performance of the pro
posed model (Eq. (9)):
⃒
n ⃒
n ⃒
∑
⃒ (θcal )i
⃒
⃒
1∑
⃒
⃒(RE) ⃒ × 100% = 1
⃒ × 100%
AE =
−
1
(10)
i
⃒
n i=1
n i=1 ⃒(θmea )i

correlated to the extent of wake instability behind a settling microplastic
fiber. Jayaweera and Mason (1965) reported that a wake behind a
settling cylinder appears when the Reynolds number is larger than 26
and the extent of wake shedding increases with the Reynolds number.
The Reynolds numbers of all the microplastic fibers used in this study are
from 30 to 88. Thus, the magnitude of the settling orientations starts
from 3◦ and covers a relatively small range (i.e., 3◦ ~ 15◦ ). Toupoint
et al. (2019) observed the settling orientation of about 7◦ for a cylinder
with an aspect ratio (L/D) of 12 settling in quiescent water, which agrees
with the range of the settling orientations (3◦ ~ 15◦ ) and aspect ratios (5
~ 34) of the microplastic fibers used in this study.

It can be found that the proposed model (Eq. (9)) reasonably predicts
the instantaneous settling orientation with average errors that range
from 7% to 53%. Also, it can be observed that the magnitudes of the
settling orientations are from 3◦ to 15◦ with an average of about 6◦ .
These orientations are not surprising because the extent of secondary
motions (i.e., the magnitude of the settling orientation) is positively

3.4. Drag coefficient
The temporal evolution of the drag coefficients of all microplastic
fibers tested in this study are provided in Section SM11 of the Supple
mentary Material. It can be found that, throughout the entire settling

Fig. 7. Comparison between calculated and measured settling orientations of microplastic fibers.
6
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process (i.e., both acceleration and steady stages), the drag coefficient is
strongly influenced by the time-varying orientation of a microplastic
fiber. More specifically, there is a positive correlation between the drag
coefficient and settling orientation. This further demonstrates the
impact of secondary motions on the hydrodynamics of a settling
microplastic fiber.
Fig. 8 compares the drag coefficients calculated by using existing
models (CD,cal) with the ones measured in this study (CD,mea). It should
be noted that the drag coefficients shown herein are time-average ones
from each experiment. Also, the average errors, which are calculated by
substituting the settling orientations in Eq. (10) with the drag co
efficients, are shown to statistically evaluate the performance of existing
drag models. Moreover, all models evaluated herein were proposed for
the characterization of the settling motion of a single particle in quies
cent water.
It can be observed that the drag models proposed by Holzer and
Sommerfeld (2008), Song et al. (2017), and Zhang and Choi (2022)
show relatively low average errors (i.e., AE=33%, 34%, and 36%,
respectively) for the predictions of the orientation-dependent drag co
efficients of microplastic fibers. These results are not surprising because
the models proposed by Holzer and Sommerfeld (2008) and Song et al.
(2017) adopt crosswise sphericity, which is an orientation-dependent
shape factor, to characterize the influences of settling orientations on
drag coefficients. In contrast, the model proposed by Zhang and Choi
(2022) adopts the Aschenbrenner shape factor to characterize the
unique shape of microplastic fibers. The prediction errors of the models
proposed by Holzer and Sommerfeld (2008) and Song et al. (2017)
mainly stem from the use of less suitable shape factors to describe the
morphology of fibers (i.e., the sphericity and crosswise sphericity). The
prediction error of the model proposed by Zhang and Choi (2022)
mainly stems from neglecting the orientation dependency of the settling
process of microplastic fibers because the Aschenbrenner shape factor is
independent of the settling orientation.
However, the drag models proposed by Khatmullina and Isachenko
(2017), Waldschlager and Schuttrumpf (2019), and Dioguardi et al.
(2018) exhibit relatively large average errors (i.e., AE=55%, 62%, and
104%, respectively). The large errors are because the three models do
not consider the effects of settling orientations on the drag coefficients.
Moreover, Khatmullina and Isachenko (2017) did not use a shape factor
to account for the morphology of microplastic fibers, and Waldschlager
and Schuttrumpf (2019) and Dioguardi et al. (2018) used the unsuitable
shape factors (i.e., the Corey shape factor and sphericity) for charac
terizing the morphology of microplastic fibers (Zhang and Choi, 2022).
Taken together, to improve the predictions of the orientationdependent drag coefficients of microplastic fibers, both the crosswise

sphericity and Aschenbrenner shape factor need to be considered. This is
because the crosswise sphericity can account for the settling orientation
(Holzer and Sommerfeld, 2008; Song et al., 2017) while the Aschen
brenner shape factor can characterize the unique morphology of
microplastic fibers (Zhang and Choi, 2022).
3.5. New orientation-dependent drag model
To develop and evaluate a new drag model, the data sets, which
include information on the drag coefficient, settling velocity, settling
orientation, and physical properties (e.g., dimension, density, mass) of
the microplastic fibers are required. Under circumstances where data is
limited, researchers in the fields of geological sciences (Dioguardi et al.,
2018) and industrial processing (Song et al., 2017) have resorted to
using the same data set to develop and evaluate their proposed models.
In fact, even well-established drag models in the literature for micro
plastic fibers were developed and evaluated in the same manner
(Khatmullina and Isachenko, 2017). However, such an approach may
not be ideal and subject to probity.
Due to the lack of data on the settling orientation of microplastic
fibers in the literature and the need to address the shortcomings of using
the same data set for model development and evaluation, we adopt a
test/training split method (Singh et al., 2021). More specifically, we
adopt a 50/50 split ratio. This means that 50% of the experimental data
set produced in this study (i.e., L05D45, L05D55, L10D55, L10D65,
L15D65, and L15D85) is used to develop the new model, and the unused
50% of the data set (i.e., L05D65, L05D85, L10D45, L10D85, L15D45,
and L15D55) is used to evaluate the model.
Based on the 50% of the data set from the experiments conducted in
this study, the crosswise sphericity is incorporated into the drag model
proposed by Zhang and Choi (2022) using nonlinear regression.
Consequently, the new orientation-dependent model is expressed as
follows:
CD =

41.28ASF 0.49 Sc0.82
Re0.7

(11)

where ASF is the Aschenbrenner shape factor (ASF=L/D), and Sc is the
√̅̅̅̅̅̅̅̅̅̅̅̅
crosswise sphericity (Sc = 6πVm /4DLcosθ). Note that the microplastic
fibers are herein assumed to be straight and non-deformable cylinders
with circular cross-sections (Khatmullina and Isachenko, 2017). The
Reynolds number (Re) adopted is the same expression as the one used by
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Zhang and Choi (2022), i.e., Re = uz 4LD/π ϑ2 .

Based on the unused 50% data set produced in this study, Fig. 9
shows a comparison of the performance between the measured drag
coefficients and the ones calculated using the proposed model (Eq. (11)).
It can be observed that Eq. (11) can predict the orientationdependent drag coefficients of microplastic fibers with relatively low
average errors (i.e., AE=10.3%). Although the prediction errors for the
microplastic fibers range from 1.5% (L15D45) to 21.3% (L10D85), the
maximum prediction error (AE=21.3%) is still lower than the ones
predicted using existing drag models (i.e., AE from 33% to 104% shown
in Fig. 8). The predictions errors of L10D85 (i.e., AE=21.3%) and
L05D85 (i.e., AE=19.6%) may be attributed to the method of prepara
tion of the microplastic fibers adopted in this study. The microplastic
fibers were cut from strands of polyester ropes so that the incised ends of
some microplastic fibers are non-circular in cross-section (cf. the mi
croscope images of L05D85 and L10D85 shown in Fig.S1). However, the
cylinder with circular cross-section is a required assumption for calcu
lations of the Aschenbrenner shape factor and crosswise sphericity.
Thus, the microplastic fibers with non-circular ends exhibit slightly
larger prediction errors (i.e., AE=21.3% for L10D85 and AE=19.6% for
L05D85) compared with other fibers with more circular ends (i.e.,
AE≤15.0% for L05D65, L10D45, L15D45, and L15D55).

Fig. 8. Comparison of the calculated and measured drag coefficients of
microplastic fibers for different drag models with the data set from this study.
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Fig. 9. Comparison of the measured and calculated drag coefficients of microplastic fibers for the proposed drag model (Eq. (11)) with the data set unused to develop
Eq. (11).

4. Discussions
4.1. Applicability of experimental results
The diameters of the microplastic fibers used in the experiments of
this study (i.e., 0.45 mm ~ 0.85 mm) are commonly used in similar
settling experiments (Khatmullina and Isachenko, 2017; Waldschlager
and Schuttrumpf, 2019). However, it is acknowledged that they may be
larger than the ones detected in laundry effluent, which have diameters
that are in the order of tens of μm (Hernandez et al., 2017; Napper and
Thompson, 2016). Notwithstanding, microplastic fibers can be released
from a multitude of other sources besides laundry effluent. These other
sources produce fibers that are larger than those from laundry effluent.
For instance, fishery activities are a significant source of microplastic
fibers (Xue et al., 2020) and can generate fibers larger than 2 mm in
diameter (Chen et al., 2018; Tan et al., 2020), which is larger than the
fibers detected in laundry effluent (Wang et al., 2019). As such, the large
microplastic fibers (0.45 mm ~ 0.85 mm) used in the experiments of this
study also have relevance to those detected in natural aquatic
environments.
The orientation-dependent drag model (Eq. (11)) was developed by
using microplastic fibers with diameters ranging from 0.45 mm to 0.85
mm. Therefore, the applicability of Eq. (11) for modelling the secondary
motions of fibers with smaller diameters needs to be evaluated. Fig. 10
shows the relationship between the maximum settling orientation of the
microplastic fibers tested in this study and their corresponding Froude
√̅̅̅̅̅̅̅̅̅̅̅̅̅√̅̅̅̅̅̅̅̅̅
numbers (i.e., Fr = ρm /ρw D/L, which is a key parameter for the
characterization of secondary motions (Chow and Adams, 2011). The
maximum settling orientation (θmax) can be used as a parameter to
describe the extent of secondary motions (Will et al., 2021). It can be
observed that there is an approximately linear relationship between the
maximum settling orientation and Froude number:
θmax = 25.1Fr + 1.7

Fig. 10. Relationship between the maximum settling orientations and the
Froude numbers of microplastic fibers. The error bars represent the standard
deviation of the results of three repeated tests.

Fig. 11 shows the estimated maximum settling orientations for
microplastic fibers with different sizes (i.e., described using the aspect
ratio, L/D) and densities using Eq. (12).
A negative correlation between the maximum settling orientation
and the aspect ratio can be observed. Also, it can be seen that, although
the diameter of some microplastic fibers detected in the field (e.g.,
WWTP and laundry effluent) is in the order of tens μm (i.e., smaller than
the ones used in this study), the fibers in the field exhibit larger aspect
ratios (i.e., 46~655) than the ones used in this study (i.e., 5~34). As
such, the maximum settling orientation detected in the field is smaller
(e.g., less than 6◦ for microplastic fibers detected from WWTP and less
than 4◦ for microplastic fibers detected from laundry effluent) than the
ones observed in this study (i.e., less than 15◦ ). This indicates that the
secondary motions of microplastic fibers detected in the WWTP (Edo
et al., 2020) and laundry effluent (Napper and Thomson, 2016) are
weaker than the ones used in this study. The weaker secondary motions

(12)

Because the densities of water (ρw) and microplastic fibers (ρm) are
constant variables, the Froude numbers of the settling microplastic fi
bers are dependent on their size (i.e., described using D and L). Conse
quently, the extent of secondary motions experienced is mainly
dependent on the fiber size.
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microplastic fibers. In the field, microplastic fibers may be flexible and
can bend as they settle Bagaev et al., 2017). Thus, the proposed drag
model (Eq. (11)) may be less suitable for the characterizations of the
settling motions of flexible microplastic fibers. The relatively stiff
microplastic fibers used in this study only exhibit a slight curvature
during the settling process (cf. Figs. S1 and S7b). As such, the micro
plastic fibers used in this study can be assumed to be straight and
non-deformable cylinders, which is the common assumption for
describing the microplastic fibers from fishing lines (Khatmullina and
Isachenko, 2017) and idea for using the modified Maxey-Riley equation
(i.e., Eqs. (1) and ((2)), which was developed for rigid particles.
Evidently, further investigation on the transport of flexible microplastic
fibers is warranted.
4.2. Implications for the transport of microplastic fibers in natural aquatic
environments
This study is on the transport of microplastic fibers in quiescent
water. Based on the modified Maxey-Riley equation (Eq. (2)), the pro
posed drag model (Eq. (11)) can be used for making predictions of the
transport of microplastic fibers in enclosed and semi-enclosed aquatic
bodies (e.g., bay water). This is because enclosed and semi-enclosed
aquatic bodies may be idealized as quiescent water conditions
(Zazouli et al., 2022) with inactive water exchange and wave conditions
(Chen et al., 2018).
However, non-quiescent water conditions with waves and currents
(e.g., rivers and oceans) are more common aquatic environments
(Bagaev et al., 2017). In fact, microplastic fibers will settle under much
higher Reynolds numbers in non-quiescent water conditions compared
with the Reynold numbers in quiescent water conditions. Higher Rey
nolds numbers mean that secondary motions are more significant due to
the enhanced wake instabilities produced behind the settling particles
(Mando and Rosendahl, 2010). Thus, the drag model (Eq. (11)), which
was proposed based on quiescent water conditions is less suitable for
non-quiescent water conditions. Furthermore, fibers settling at higher
Reynolds numbers are prone to longer transport distances in the hori
zontal direction (i.e., more significant lateral motions). This is caused by
the enhanced turbulence generated by waves (Kerpen et al., 2020)
or/and currents (Pohl et al., 2020). However, the effects of turbulence
on secondary motions are not considered in the proposed drag model
(Eq. (11)), nor the modified Maxey-Riley equation (Eq. (2)). Further
investigation of the effects of turbulence and extended applications of
the proposed drag model for more natural aquatic environments is
warranted.

Fig. 11. Estimated maximum settling orientations of microplastic fibers with
different aspect ratios and densities. The fiber densities, which are shown in the
legend, are commonly found in natural aquatic environments (Chubarenko
et al. 2016). The aspect ratios of microplastics detected in laundry effluent
(Napper and Thomson, 2016), waste water treatment plant (WWTP) effluent
and sludge (Edo et al., 2020), and zooplankton crustacean daphnia (Jemec et al.
2016), are shown. The inset shows a detailed view of the estimated maximum
settling orientation of microplastic fibers with aspect ratios ranging from 1 to 4.

of microplastic fibers detected in WWTP and laundry effluent and the
fibers used in this study (Re ranging from 30 to 88) belong to the laminar
wake regime (i.e., Re < 160) as proposed by Bai and Alam (2018).
Furthermore, Bai and Alam (2018) demonstrated that the drag co
efficients (CD) for all cylinders settling in the laminar wake regime
exponentially decrease with an increase of Re, which is in agreement
with the proposed drag model (i.e., CD ∝Re− 0.7 in Eq. (11)). Evidently,
the proposed model (Eq. (11)) can be used to characterize the secondary
motions of microplastic fibers with aspect ratios larger than five.
The microplastic fibers detected in the food chain (Jemec et al.,
2016) generally exhibit aspect ratios of less than four, which is smaller
than the ones used in this study (i.e., 5~34). Consequently, the
maximum settling orientation of the microplastic fibers detected in the
food chain is larger (i.e., 15◦ ~ 37◦ ) than the ones observed in this study
(i.e., less than 15◦ ). Since there is a positive correlation between the
maximum settling orientation and the extent of secondary motions (Will
et al., 2021), the microplastic fibers with aspect ratios of less than four
will exhibit stronger secondary motions than the ones used in this study.
As a result, the stronger secondary motions of fibers detected in the food
chain may belong to the nonlaminar wake regime (Bai and Alam, 2018),
where CD increases with Re. Evidently, the proposed model (Eq. (11)),
which was developed based on a laminar wake regime (i.e., CD decreases
with Re), may be less suitable for the characterizations of secondary
motions of microplastic fibers with aspect ratios of less than four.
Consequently, more data sets on the settling orientations of microplastic
fibers that cover a broader range of aspect ratios will help to improve the
proposed drag model (Eq. (11)).
From an experimental perspective, there are two additional reasons
why microplastic fibers with larger diameters (i.e., 0.45 mm ~ 0.85 mm)
are favorable. First, conventional image acquisition systems (i.e., the
camera and image processing algorithm) have limited capacity to detect
microplastic fibers with diameters in the order of tens of μm. Second,
existing methods for preparing microplastic fibers, such as cutting or
cryogenically grinding synthetic threads, cannot be used to prepare
microplastic fibers that are less than 0.5 mm in size (Mossotti et al.,
2021).
Another idealization made in this study is the use of relatively stiff

5. Conclusions
The effects of secondary motions on the settling behavior of micro
plastic fibers were experimentally investigated. Due to the presence of
secondary motions, the settling motion of microplastic fibers is an
orientation-dependent process that follows a sinusoidal pattern, which
governs the drag coefficient of a settling microplastic fiber. A new drag
model is proposed to describe the effects of secondary motions on drag
coefficients. The proposed drag model has been demonstrated to more
accurately predict the drag coefficients of microplastic fibers compared
to existing models that do not consider secondary motions. Combined
with the modified Maxey-Riley equation, the proposed drag model can
be used in future modeling to improve the prediction of microplastic
fiber transport.
As the first step towards the realistic predictions of the transport of
microplastic fibers in aquatic environments, only stiff microplastic fibers
in quiescent water conditions were investigated in this study. However,
to further improve the predictions of the transport of a wider range of
microplastic fiber types, research is required to study the secondary
motions of flexible microplastic fibers settling in non-quiescent water
conditions.
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