Flying Spiders: Simulating and Modeling
the Dynamics of Ballooning

Longhua Zhao, Iordanka N. Panayotova, Angela Chuang,
Kimberly S. Sheldon, Lydia Bourouiba, and Laura A. Miller

Abstract Spiders use a type of aerial dispersal called “ballooning” to move from
one location to another. In order to balloon, a spider releases a silk dragline from its
spinnerets and when the movement of air relative to the dragline generates enough
force, the spider takes flight. We have developed and implemented a model for
spider ballooning to identify the crucial physical phenomena driving this unique
mode of dispersal. Mathematically, the model is described as a fully coupled fluid—
structure interaction problem of a flexible dragline moving through a viscous,
incompressible fluid. The immersed boundary method has been used to solve this
complex multi-scale problem. Specifically, we used an adaptive and distributed-
memory parallel implementation of immersed boundary method (IBAMR). Based
on the nondimensional numbers characterizing the surrounding flow, we represent
the spider as a point mass attached to a massless, flexible dragline. In this paper,
we explored three critical stages for ballooning, takeoff, flight, and settling in two
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dimensions. To explore flight and settling, we numerically simulate the spider in
free fall in a quiescent flow. To model takeoff, we initially tether the spider-dragline
system and then release it in two types of flows. Based on our simulations, we can
conclude that the dynamics of ballooning is significantly influenced by the spider
mass and the length of the dragline. Dragline properties such as the bending modulus
also play important roles. While the spider-dragline is in flight, the instability of the
atmosphere allows the spider to remain airborne for long periods of time. In other
words, large dispersal distances are possible with appropriate wind conditions.

1 Introduction

Dispersal is the nonreturning movement of organisms away from their birth sites
[25], often triggered by density and habitat-dependent factors [5, 9]. These factors
play a role in the initiation and frequency of activities such as foraging, choosing
nest sites, searching for mates, and avoiding predation, competition, and inbreeding
[6]. Dispersal traits and mechanisms are thus wide and varied across taxa, even for
organisms that disperse passively through air or water currents [19].

Spiders (Arachnida: Araneae) represent one taxon that undergoes a specialized
form of passive dispersal. Besides walking from site to site, most spiders also engage
in a type of aerial dispersal known as ballooning [2]. This begins with a distinctive
“tiptoe” behavior where an individual straightens its legs, balancing on the tips of its
tarsi. After tiptoeing, the spider raises its abdomen, releasing a silken dragline in the
air (Fig. 1). Wind then allows for drag-induced lift of the whole body. Once airborne,
individuals have little control over the direction and distance of displacement; rather,
they join other floating life forms collectively known as “aerial plankton” [10],
which are subject to air currents.

Spiders have long been observed to balloon to distances as far as 3200 km
[12] and heights of up to Skm [10]. The extreme heights and distances achieved
from a seemingly simple mechanism have generated interest in the flight physics
of these arachnid aeronauts. This intriguing behavior is apparently constrained by
body mass (<100 mg) and wind speed (<3 m/s). The complex interactions of the
physical characteristics of the spider’s morphology, silk dragline properties, and
meteorological conditions have also motivated the identification of the dominant
regimes during takeoff, flight, and settling. Since ballooning spiders are very small
and cannot be easily tracked, conventional measures of dispersal are difficult. This
has motivated theoretical work in determining the physics and resulting distributions
of ballooning spiders.

Early models of spider ballooning primarily focused on the factors that are
important for flight as well as the distances that can be achieved (see [27] for
a review of previous models). Humphrey [15] developed the first simple force
balance model where the physical properties of the spider and its attached dragline
were simplified to a massive sphere (spider) and a massless, rigid rod (dragline).
Described as a “lollipop system,” this model evaluates the possible relationships
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Fig. 1 Tiptoe behavior in which a spider stands on tarsi, raises the abdomen, and releases a
dragline (indicated by arrow) in order to initiate ballooning. Photo copyright belongs to Sarah
Rose

between spider mass, dragline length, and dispersal distance during initial takeoff.
The results were used to define a region of physical parameters that mechanically
support ballooning based on wind velocity and spider mass, although dragline length
also played a role in travel speed and distance [15].

Subsequent models were built on this system by considering the dragline as
a series of spheres and springs. This approach allowed more realistic properties
to be included in the spider-dragline system such as flexibility and extensibility
of the dragline [22]. Using a set of Lagrangian stochastic models to capture the
turbulence in the air, simulations of ballooning were able to predict reasonable
dispersal distances in the presence and absence of wind shear conditions [23].

Statistical approaches, empirical measurements, and simulations have also fur-
thered our understanding of ballooning dynamics. Suter [30] measured spiders in
free fall in statistical models that related the body mass and dragline lengths to their
terminal velocities. The potential importance of body posturing was also noted, as
it could account for deviations from the expected values of terminal velocity. In
other words, spiders can possibly posture their legs and body in a way that impacts
their fallout [31]. However, it is unlikely that their decision to balloon is based on
accurate meteorological predictions, as shown in models that relate their probability
of dispersal with mass, silk length, and local wind velocity variation. Thomas et
al. used numerical simulations to understand the temporal and spatial dynamics
through diffusion models [32]. These were subsequently used to understand feasible
dispersal distances under a simple atmospheric model [33].
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These earlier models illustrate the various methods that have been utilized to
understand different aspects of the spider ballooning process but many simplifying
assumptions are made regarding the fluid—structure interaction. In this study, we
investigate the dominant physical regimes of passive aerial dispersal in spiders, with
a particular focus on the fluid dynamics of their flight. We consider the physical
parameter space that influences all stages of ballooning, including takeoff, transport,
and landing. We use a numerical approach to model the complex interaction of
the coupled spider-dragline system and its movement through various air-flow
conditions. Like earlier studies, this model includes the spider body mass and a
flexible dragline. We go beyond previous work by resolving the full aeroelasticity
problem of a flexible dragline moving through a viscous fluid. We also directly
simulate a variety of background air-flow profiles.

In the next section, we describe the numerical method for solving the fully
coupled fluid—structure interaction problem of a flexible dragline immersed in a
viscous fluid. In Sect. 2.2, we discuss our model of the spider—flow interaction and
then consider the validity of our model in various scenarios: free fall in quiescent
flow and nonquiescent flows. We then discuss the dynamics of ballooning in Sect. 3
in various flow conditions. Lastly, we summarize our findings in Sect. 4.

2 Methods

2.1 Immersed Boundary Method

Our goal is to mathematically model a flexible dragline that is both deformed by the
air and also moves the air. In other words, we wish to consider the fully coupled
fluid—structure interaction. We used the immersed boundary method to model this
fully coupled fluid—structure interaction problem [18, 20, 21]. After over 30 years of
application to problems in biological fluid dynamics, the immersed boundary (IB)
method represents a relatively straightforward and standard approach for studying
problems in animal locomotion including insect flight [17], lamprey swimming [34],
and jellyfish swimming [14].

The basic idea behind the immersed boundary method is that the equations of
fluid motion are solved on a (typically Cartesian) grid using an Eulerian frame of
reference. The equations describing the immersed elastic boundary are solved on a
curvilinear mesh defined using a Lagrangian frame of reference. The collection of
Lagrangian nodes on which the equations describing the immersed elastic boundary
are solved move independently of the fluid grid. The immersed boundary is moved
at the local fluid velocity, and the elastic forces are spread to the fluid through
regularized discrete delta functions.

The following equations describing the immersed boundary method are given in
two dimensions, but the extension to three dimensions is mathematically straight-
forward, though efficient implementation in three dimensions is challenging. More
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details may be found in Peskin [21]. The Navier—Stokes equations are used to
describe a viscous incompressible fluid (such as air at low Re) as follows:

p(u(x,1) + u(x, 1) - Vu(x, 1)) = Vp(x,1) + uV2u(x, 1) + F(x, 1), (1
Va(x,t) =0, 2)

where u(x, 7) is the fluid velocity, p(x, t) is the pressure, F(x, 7) is the force per unit
area applied to the fluid by the immersed boundary, p is the density of the fluid, and
W is the dynamic viscosity of the fluid. The independent variables are the time ¢ and
the position x.

The interaction equations between the fluid and the boundary are given by the
following integral transforms with delta function kernels:

F(x,t) = /f(r, 16 (x — X(r, 1)) dr, 3)

X;(r,t) = UX(r,1) = /u(x, né (x — X(r, 1)) dx, “)

where f(r, r) is the force per unit length applied by the boundary to the fluid as
a function of Lagrangian position and time, §(x) is a delta function, X(r, t) gives
the Cartesian coordinates at time ¢ of the material point labeled by the Lagrangian
parameter r. Equation (3) applies force from the boundary to the fluid grid, and
Eq. (4) evaluates the local fluid velocity at the boundary.

In order to tether the boundary points to a fixed location, a penalty force is applied
that is proportional to the distance between the boundary and the desired location of
target points. This force is given by:

£(r.1) = Kiarg (Y(r, 1) = X(r. 1)), ®)

where f(r, ¢) is the force per unit length, k., is a stiffness coefficient, and Y(r, 1)
is the prescribed position of the target boundary. The deviations from the target
position can be controlled by the parameter «;,,.

The flexible dragline used in the following simulations resists stretching and
bending. To model the resistance to stretching, we insert elastic links connecting
adjacent boundary points that act as linear springs. Let boundary points m and n have
the corresponding position coordinates X,, and X,,, and let these points be connected
by elastic link w. The stretching energy function for this link is then given by:

1
ES(Xm»Xn) = EKS(”Xm - Xn” - lw)z’ (6)

where [, is the resting length of the spring and «; is its stiffness coefficient. Note that

Ejs is equal to zero when the distance between the points equals the resting length.
The dragline also has a small resistance to bending. We assume zero preferred

curvature (the dragline wants to be straight). The bending energy is then given by:

1 0X(s. 1) ,
Ey = 2xb/| o0 s ™
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where «; is the bending stiffness. We discretize the bending energy with zero
preferred curvature as follows:

I Xii —2X; + Xy |?
:—KbZIDDX|AS——KZ|+1 Xl gy ®)

The total elastic energy is calculated as the sum of the stretching and bending
energies for each immersed boundary point. For example, a dragline is made up
of a string of N immersed boundary points arranged in the order so that each pair
of consecutive points is joined by a linear spring that resists stretching and each
consecutive triplet resists bending. This results in the following equation for the
total elastic energy:

N—1 N—1
EXp.Xo....Xy.0) = Y Es(Xi. Xip1) + Y Ep(Xim1. X;. Xip1). €))
i=1 i=2
The elastic force at point m is then calculated using the derivatives of the elastic
energy as follows:
BE(XI, X5, ... Xy, l)

Fo(X,Xa,... Xy, 1) = — X . (10)

Values of the constants k; and «;, must be chosen to specify reasonable energies and
forces associated with the dragline and are selected to be within the range of what
is observed for spiders. Mass was added to the spider using the penalty immersed
boundary method [16]. The boundary points that are assigned a mass are anchored
with linear springs to “ghost” massive particles. The linear springs have zero resting
lengths, and the spring stiffness coefficients are chosen such that the boundary point
moves with the massive particle within some tolerance. The massive particles do not
interact with the fluid (the boundary points that they are connected to do) and simply
move according to Newton’s laws. With a stiffness spring connecting the mass
point and the boundary point, an energetic penalty is imposed when the position
of the Lagrangian immersed boundary point deviates from that of the mass. Similar
to Eq. (5), the energetic penalty is introduced into the system by a large value of
the penalty stiffness k; between the point of spider and the point of dragline it is
attached to.

To perform direct numerical simulations, we used an adaptive and parallelized
version of the immersed boundary method, IBAMR [13]. IBAMR is a C++
framework that provides discretization and solver infrastructure for PDEs on block-
structured locally refined Eulerian grids [3, 4] and on Lagrangian (structural)
meshes, as well as infrastructure for coupling Eulerian and Lagrangian representa-
tions. The adaptive method used four grid levels to discretize the Eulerian equations
with a refinement ratio of four between levels. Regions of fluid that contained
the immersed boundary or vorticity magnitude above 0.125s™!' were discretized
at the highest refinement. The effective resolution of the finest level of the grid
corresponded to that of a uniform 5122 discretization.
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2.2 Spider Model

In previous mechanical models [15, 22], the spider body was modeled as a sphere
(see [27] for a review of previous models). However, the detailed aerodynamics
of the viscous fluid interacting with the spider-dragline system were not resolved.
Based on an analysis of the relevant dimensionless numbers, which are outlined
below in Sect.2.2.2, we neglect the drag acting on the spider itself and focus on
the dragline. We do consider the mass of the spider which is represented as a point
mass tethered to the dragline. The dragline is modeled as a massless beam that
resists bending and stretching. The governing equations are similar to Egs. (1)-(2)
as following:

o(u,(x,1) + u(x, 1) - Vu(x, 1)) = Vp(x,1) + uV>u(x, 1) + mg + F(x,1), (11)
Va(x, 1) =0, (12)

where mg is the gravity force due to the point mass of the spider and F is the force
that the dragline applies to the fluid.

For the numerical discretization of the elastic dragline, the dragline is represented
as discrete Lagrangian points connected by springs that resist bending and stretching
with stiffnesses k, and kj, respectively. Note that the relevant elasticity Egs. (5)—
(7) represent a very different system from the chain of springs in Reynolds et al.’s
model [22]. In Reynolds et al.’s model, the dragline is defined by spring modulus
K only, i.e., ks in our model. Their dragline can freely bend in any direction, which
may result in unrealistic entanglement. In our model, the bending modulus limits the
bending of the dragline. Our model may still, however, result in some entanglements
due to the fluid—structure interaction. Note that we do not include electrostatic forces
in our model which may further limit the degree of entanglement.

The spider-dragline system is then immersed in air with appropriate boundary
conditions for different scenarios (e.g., no slip for settling in a quiescent fluid,
Dirichlet for prescribed background flow, and mixed for cavity flow). In this fluid—
structure interaction system, the flow field is obtained by numerically solving the
full Navier—Stokes Eqs. (11)-(12). The spider-dragline is moved at the local fluid
velocity (4).

2.2.1 Numerical and Physical Parameters Used for Simulation

Due to the computational challenges associated with immersed boundary simula-
tions in three dimensions, we consider only a two-dimensional representation of the
spider-dragline system in this initial study. Note that in two dimensions, the spider is
actually a sheet, and the point mass representing the spider is with units of mass per
length (M /L) converted from the three-dimensional mass. As a rough approximation
of the relationship between the actual mass of a real spider and the two-dimensional
idealization, one could divide the mass of a spider by its diameter to obtain the mass
per unit length used in the simulations.
Parameters used for the simulation are summarized in Table 1.
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Table 1 Parameters used in the numerical simulations

Physical parameters Values in literature Values in simulation
Elasticity (Spring modulus) n/a 20 (N/m)

Bending modulus n/a 107° ~ 5 x 10™* (N-m)
Dragline length [2, 22] 0~ 2.3(m) 0.05 ~ 0.2 (m)

Dragline diameter [26] 20-100 (nm) Line

Dragline density [29] 1.1 ~ 1.4 g/cm® Massless

Spider diameter [8, 24] 1 ~ 5(mm) Pointwise

Spider mass [8, 30] 0.09 ~ 84.70 (mg) 2 ~ 800 (mg/m)

Air mass density [1] 1.165 (kg/m®) 1.177 (kg/m3)

Air dynamic viscosity [1] 1.86 x 107> (N-s/m?) 1.846 x 107> (N-s/m?)

Note the difference in the units of stiffness and mass since the simulations are in two dimensions
rather than three dimensions for actual spiders. The physical properties of the air are at
temperature 30 °C [1]

2.2.2 Dimensionless Parameters

Dimensionless parameters are important to characterize the properties of the fluid
and its interaction with the organism. The first dimensionless parameter we consider
is the Reynolds number (Re), which is computed as the ratio of inertial forces over
viscous forces. Re is given as %, where p is the density of the fluid, p is the
dynamic viscosity of the fluid, L is a characteristic length that is chosen based on
the application, and U is a characteristic velocity. Re is often used to characterize
different flow regimes. When Re is low (Re << 10?), the flow is in the laminar
regime. When Re << 1, viscous forces are dominant, the flow is reversible, and
the fluid motion is smooth. For Re >> 1, the flow is dominated by inertial forces.
Flows at Re > 2300 (for the case of pipe flow) are typically, but not necessarily,
turbulent and tend to produce chaotic eddies, vortices, and other flow instabilities.

There are several ways that one can choose the characteristic length for the
calculation of Re. In Humphrey’s model [15], the Reynolds number is defined as
Rep = %‘Vl, where D is the diameter of spider and |V| is the modulus of the wind
velocity. In our simulations, we choose U as the velocity of the spider relative to
the air. The characteristic length L could be chosen as the dragline length £ (Rey),
the radius of the dragline d (Rey), or the spider body diameter D (Rep), respectively.
Keeping the same characteristic velocity, Re varies with ratios from 1 to 10* for
different choices of characteristic length L, using the radius of the dragline d and
the length of dragline £.

Another important dimensionless parameter is the Richardson number Ri. It is
defined as the ratio of density gradient over the flow gradient. Ri is used as the
threshold parameter for convective instability, which is an environment factor that
may be important in the decision to balloon. Thomas et al. [33] reported that the
number of airborne spiders was significantly correlated with Richardson numbers.
In our study, we explore the dynamics of airborne spiders and neglect the influence
of temperature. Winds are specified as the boundary and initial conditions. Besides
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temperature, we also neglect the effect of electrostatics in the model. Because
electrostatic forces can prevent sticking, coiling, and entanglement of the dragline,
and because Gorham [11] reported that the effects of electrostatic forces could be
substantial for distances traveled, we plan to include electrostatic forces in our future
work.

The last dimensionless number considered is the Strouhal number (St),
defined as:

L

St=—.
Ut

Here, © is the relaxation characteristic time scale or the inverse of disturbance
frequency f. St represents a measure that relates oscillation frequency to fluid
velocity. For the case of spider ballooning, the oscillations in fluid velocity are due
to alternate vortex shedding from the end of the dragline. Note that for St << 1,
oscillations of the fluid have a minimal impact on the dynamics. At intermediate
Strouhal numbers 0.1 < St < 1, oscillation is characterized by the buildup
and rapidly subsequent shedding of vortices [28]. Such vortex shedding could
be important to spider ballooning since large forces are generated during vortex
separation. Such peaks in force may impact takeoff and flight trajectories.

2.2.3 Boundary and Flow Conditions

The background flows are driven in the simulations using Dirichlet boundary
conditions. In the quiescent fluid simulations, where we study the free fall of spiders,
zero initial and boundary velocities are used. For various background flows, we
specify the wind velocity on the boundary of the domain. The velocities are initially
zero everywhere, and the flow velocities at the boundaries are increased until the
target background velocity is reached. For the cases of cavity flow, the bottom
and sides of the domain are fixed at zero velocity. The top boundary condition is
continuous functions in time with zero initial value. Details about the boundary
conditions are provided in Sect. 3 with the results.

3 Results

To identify the crucial physical properties for spider ballooning, we solve the fully
coupled fluid—structure interaction problem using the immersed boundary method.
The numerical simulations are performed with IBAMR (revision 3803) [13] for a
single massive spider attached to a flexible, massless dragline. We first consider
the spider-dragline system free-falling in a quiescent fluid. We then numerically
simulate the free movement of the spider-dragline in uniform background flow and
in cavity flow (to approximate the conditions of an eddy). To reveal the dynamics of
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takeoff, we tether the spider-dragline system in both uniform and cavity flows and
release it after a certain time period. In the quiescent fluid simulations, the bottom
boundary of the computational domain is modeled as ground without penetration.
In the simulations with uniform background flow, the boundary conditions are set to
the prescribed target velocity. In the cavity flow simulations, the bottom and sides of
the domain have zero velocity boundary conditions, and the top is set to a uniform
velocity.

3.1 Free Fall in a Quiescent Fluid

The spider-dragline system is immersed in quiescent air. Due to gravity, the spider-
dragline system free-falls and generates air flow around it. The vorticity

w=Vxu

of a two-dimensional flow is always perpendicular to the two-dimensional plane
and describes the local rotating motion. Therefore, we consider it a scalar field
and visualize the flow by its vorticity. Figure 2 shows four snapshots of vorticity
during the free fall in a quiescent fluid. Except for the mass of the spider, all
other parameters and initial and boundary conditions are set to the same values
for these figures. The mass per unit length is set to M = 2 x 107° , 2 x 1073,
4 x 1073, and 2 x 10~*kg/m, respectively. The other key parameters are dragline
length £ = 0.1 m, beam bending stiffness constant x, = 5.0 x 107" N-m, spring
stiffness coefficient x;, = 20 N/m, and the initial position of the dragline’s middle
point (xg, yo) = (0,0.15).

As the mass of the spider increases, the spider-dragline system falls faster
to the ground. The spider-dragline system falls slowly with the smallest mass
(M = 2 x 10°kg/m), and the vorticity is plotted at time ¢+ = 8s in Fig.2a.
For the larger masses, the vorticity is plotted before the spider-dragline system
reaches the ground (Fig. 2b-c). Note that red indicates clockwise vorticity and blue
indicates counterclockwise vorticity. In the case of the smallest mass, we observe
smooth, streaming flow. For the larger masses, M = 4 x 10~ and 2 x 10~* kg/m,
vortices are alternately shed from the end of the dragline. For the intermediate case,
M = 2 x 107> kg/m, the vorticity generated by the dragline induces oscillations of
the dragline. These phenomena are consistent with the Reynolds number computed
using the average settling velocity as the characteristic velocity and the length of
the dragline as the characteristic length. For these four simulations, the Reynolds
numbers Rey are about 146, 960, 1450, and 3320, respectively.

To reveal more of the dynamics during the spider-dragline free fall in a quiescent
air, Fig. 3 shows the vertical velocity dy/dt of the bottom point of the dragline (the
location of the point mass) vs. time. Figure 3a compares the four simulations in
which the masses per unit length are varied. For M = 2 x 10~°kg/m (Fig.3b),
the system falls slowly and continues to accelerate during the entire length of



Flying Spiders: Simulating and Modeling the Dynamics of Ballooning 189

W C [ R
25 250 250 250
0.20+ 00 0.204 0.00 0.204 0.00 0.204 0.00

=25 -25.0 =250 =250

0.104 . .50 0.10+ . -50.0 0.104 . -500 0. 10 . 500

= 0.00- = 0.004 = 0.00- = 0.004 ]
..
y
{
-0.10 -0.10- -0.10 -0. 10 o

-0.204 -0.20 -0.20+ , =-0.204
-0.30 T -0.30 ! -0.30 - -0.30 .
-0.10 0.00 ©0.10 -0.10 0.00 0.10 -0.10 0.00 0.10 -0.10 0.00 0.10

x x x x

(4) (B) ©) (D)

Fig. 2 Vorticity (s~!) of the flow generated by the spider-dragline system during free fall in a
quiescent fluid with the spider’s mass per unit length set to M = 2 x 107°,2 x 107>, 4 x 107>,
and 2 X 10~ kg/m, respectively. The other parameters are held constant for this set of simulations:
string length £ = 0.1 m, beam bending stiffness k;, = 5 X 107> N-m, spring stiffness coefficient
ks = 20N/m, and initial position of the middle point (xp,y9) = (0,0.15). Vorticity plots in
this paper are generated by Vislt [7]. (@) M = 2 x 10~ °kg/m. (b) M = 2 x 107> kg/m.
()M =4x10""kg/m. (d) M = 2 x 10~ *kg/m
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Fig. 3 Vertical velocity (m/s) of the bottom point of the dragline where the spider mass is located.
Results are shown for (a) the comparison for spiders with masses per unit length of M = 2Xx 107,
2x107%,4x 107>, and 2 X 10~*kg/m, and (b) longer period for spiders with M = 2x 1076 kg/m.
Except for M = 2 X 107 kg/m, the curves end when the spider-dragline reaches the ground

the simulation (r+ < 8s). For the other three masses, vortices develop behind the
dragline, the terminal velocities are quickly reached, and the spiders reach the
ground before ¢ = 3's. After the spider approaches the ground, the vertical velocity
of the dragline is almost zero, except when it waves back and forth horizontally.
Since the dragline velocity sets the effective Re of the system, we report the
average terminal velocities (or settling speeds) for the different cases as illustrated
in Figs.4 and 5. The average settling speed is computed as the average speed of
the middle of the dragline before the spider-dragline system reaches the ground.
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A data
— fit: dy/dt = 34.5 (M - 2x10°6)”2
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Fig. 4 The average settling velocity (m/s) vs. the spider mass per unit length (kg/m) with the
masses set to M = 2 X 107% ~ 8 x 10~*kg/m. The spider-dragline system free-falls in the
quiescent air with the dragline length fixed at £ = 0.1 m, spring stiffness coefficient set to x;, =
20 N/m, bending modulus fixed at k;, = 5 X 107> N-m, and initial position of the middle point set
to (xo,y0) = (0,0.15)

Figure 4 shows the average settling speed for different masses per unit length with
a fixed dragline length £ = 0.1 m. From these results, we see that settling velocity
monotonically increases as the mass of the spider increases. Figure 5 shows the
average settling speed for different dragline lengths with a fixed spider mass per
unit length of M = 2 x 10~*kg/m. The shorter the dragline, the larger the average
settling velocity of the spider-dragline. With a linear least square fit, the relation
between the settling velocity vs. the dragline length is % = 0.682 — 1.5364. The
settling velocity as a function of the spider mass is nonlinear. Using a power fit, we
find that 2 = 34.5v/m —2 x 107°.

Recall that in Humphrey’s model [15], the dragline is rigid. In the study by
Reynolds el al. [22, 23], the silk dragline is described as a line of springs joined
at nodes. Those springs themselves are stretchable. At the nodes, the dragline can
freely bend in any direction. To more accurately model the dragline, we introduced
resistance to bending that is proportional to the bending stiffness modulus, kj, as
given in Eq. (7). Figure 6 shows the horizontal drift that results from only changing
the bending modulus «,. We observe that there is no pattern between the direction
and magnitude of the horizontal shift and the bending moduli. The direction of the
shift depends upon the side on which the first vortex separates from the dragline,
highlighting the complicated interaction of the elastic dragline and the fluid.

For all subsequent simulations in Sects.3.2-3.3, we keep the dragline length
fixed at £ = 0.1 m, the bending stiffness set to k, = 5 x 107'° N-m, and the spring
stiffness coefficient set to k; = 20N/m. To directly compare the results between
different scenarios, we set all other physical parameters to the values used in Fig. 2.
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Fig. 5 The average settling velocity vs. the dragline length £ (m) varied from 0.075 ~ 0.2 with
the spider mass per unit length set to M = 2 x 10~*kg/m. The spider-dragline free-falls in the
quiescent air with other parameters fixed to the same values as shown in Fig. 4
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3.2 Free Fall with Background Flows

As spider ballooning is greatly influenced by local meteorological conditions, we
simulate spider free fall with two different types of background flows. The first is a
uniform background wind and the second is a cavity flow driven by a horizontal
velocity at the top of the domain. Note that cavity flow is used to approximate
the behavior of a spider ballooning in an eddy. Recall from the free fall results
in quiescent air, a spider with a shorter dragline falls faster. In this section, we keep
the dragline fixed at £ = 0.1 m. Extrapolating from the study in quiescent air, we
can predict that spiders with longer draglines in background flow will also fall more
slowly and stay suspended in air for longer periods of time.
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Fig. 7 Vorticity generated by the spider-dragline system free-falling in a uniform background
wind with U = V = 0.008 m/s, where the prescribed boundary conditions are set to u(x, 1) =
[U, V]T. The mass per unit length of the spideris M = 2x 10~ ®kg/m. (a)t = 1.25s. (b)t = 3.255s

3.2.1 Uniform Background Flows

The vorticity fields in Fig. 7 show the case when the spider-dragline system free-falls
in a 45° uniform wind with a constant velocity [U, V] = [0.008, 0.008]” m/s, where
the boundary condition for the simulation was set to u(x,7) = [U, V]”. The mass
per unit length of the spider was set to M = 2 x 10~° kg/m. Compared to falling
in quiescent air, these vorticity plots show slight asymmetry due to the background
wind. The vortex developed on the left (upwind direction) side of the dragline has
a larger area than on the left side of the dragline as Fig.7a, but the bottom of
the dragline is continually deforming as vorticity grows near the curved tip (seen
Fig. 8b). For this set of parameters, the spider-dragline mostly moves with the air.
The profiles in Fig. 8 show the positions of the dragline when the spider-dragline
system free-falls in the background winds, which are in the same direction (45°)
but with different strengths. The time increment dt between each dragline is 0.25.
The velocities of the uniform wind are [U, V] = [0.01,0.01]7, [0.008, 0.008]”, and
[0.005, 0.005]" m/s, respectively. Note that for these simulations, the spider-dragline
system has a spider mass per unit length set to M = 2 x 107° kg/m, a dragline length
fixed at £ = 0.1 m, beam bending stiffness constant set to k, = 5 x 10715 N-m,
and spring stiffness coefficient set to k;, = 20N/m. The initial position of the
dragline is the dotted line in the figures. With a stronger background wind, advection
dominates. The spider-dragline system goes with the flow with little deformation.
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Fig. 8 Positions of the dragline at different snapshots in time with the time increment dr = 0.25s
between each dragline. The spider-dragline falls in the background wind (U, V) with different
strengths. The black dotted line is the initial position. (a) U = V = 0.005m/s, (b) U = V =
0.008 m/s, and (¢) U = V = 0.01 m/s. The spider mass per unit length is set to M = 2x10~° kg/m

In particular, we observe no entanglement as was reported in Reynolds et al. [22].
Compared to the wind speeds observed for tiptoeing behavior, for example, 1.7—
2.6 m/s for Pardose purbckenisis [24], the background wind in our study is much
weaker. For stronger winds, the spider-dragline system would advect out of the
computational domain in a very short period with a similar profile as Fig. 8c. When
the background wind is weaker, small deformations appear at the tip of the dragline
where the spider is attached, likely due to shearing and the formation of vorticity.
Note that the bending modulus is very small relative to the strength of the wind, and
the dragline behaves as an extremely flexible line.

Changing the angle of the wind relative to the horizontal and keeping its
magnitude constant, we demonstrate the sequence positions of the dragline in Fig. 9.
The time increment between each dragline is the same as in Fig. 8, i.e., df = 0.25s.
The spider mass per unit length is set to M = 2 x 10~° kg/m, and the initial position
of the middle point is fixed at (xo,yp) = (—0.2, —0.15). The direction of the wind
has a significant effect on the trajectory of the ballooning spider. The horizontal
component determines the distance it travels along the landscape, and the vertical
component combined with the mass of the spider determines whether the spider will
land or fly up. With a vertical wind (Fig. 9d), horizontal movement is negligible.
Figure 9a presents the situation in which the spider-dragline systems free-fall in a
weak horizontal breeze.
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Fig. 9 Profiles of draglines in wind with fixed magnitudes of velocity but different directions:
(a) horizontal wind, (b) 30°, (¢) 60°, and (d) vertical wind. The black dotted line indicates the
initial position. For the vertical wind case (d), only the initial and the end positions in that time
period were plotted as there is almost no horizontal movement. Wind strength is fixed at |U| =
0.008+/2 m/s. Note that Fig. 8c shows a 45° wind of the same magnitude
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Fig. 10 Vorticity (s~') snapshots of the flow generated by the spider-dragline system with a 45°
background wind, (U, V) = (0.2, 0.2) m/s, at different times. The spider mass M = 4x 107> kg/m.
(a)t =10.25s.(b)t = 0.75s.(¢) t = 1.25s. (d) t = 2.255

With a different spider mass M = 4 x 107 kg/m, Figs. 10 and 11 provide more
details for the flow field and the dragline when the spider-dragline system free-falls
in the 45° uniform wind, (U, V) = (0.2,0.2) m/s. Other parameters are matched
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Fig. 11 Positions of the dragline at different times during the simulation. The time increment dt
between draglines is 0.1s. The dotted line indicates the initial position. The spider-dragline is
flying from the left to the right with the flow. The spider mass is set to M = 4 X 107> kg/m
and the uniform background wind blows 45° with respect to the horizontal and with (U, V) =
(0.2,0.2) m/s

to those reported in Figs.7, 8 and 9: the dragline length is set to £ = 0.1 m, the
bending stiffness is set to k, = 5 x 107! N-m, the spring stiffness is x, = 20 N/m,
and the initial position of the middle point is given by (xo, yo) = (—0.2, —0.15). As
seen in Fig. 2¢c, the mass per unit length of the spider is sufficient to strongly shear
the fluid, resulting in vortex shedding from the tip of the dragline. The magnitude
of the resulting vorticity is stronger than for the case of a uniform background
wind. Figure 11 shows the profiles of the dragline during the flight. The time
increment dt between draglines is 0.1. The spider-dragline system moves up due to
the background wind and then moves down as the effect of the gravity decelerates
the system and produces negative settling velocities. Deformation of the dragline
initially occurs toward the top of the dragline as vortices are shed. Eventually, the
whole dragline is twisted and later the top of the dragline straightens while the
bottom is curved.

In Fig. 12, the spider’s mass per unit length is set to M = 2 x 107> kg/m. Two
snapshots of the vorticity field are shown for free fall in a 45° background wind
with |U| = 0.2m/s. Initially the flow relative to the dragline system is smooth,
and eventually vortices develop and are shed from the tip. These vortices induce
deformations in the dragline. After some time, the dragline and spider get entangled.
These dynamics are distinct from the case of free fall in a quiescent fluid.

Figure 13 shows the profiles of the dragline with winds in three different
directions, i.e., 30°, 45°, and 60°. The strength of the wind is fixed at |U| = 0.2s.
The green line is the initial position for all three cases. The time increment dt
between draglines is 0.15s. After the spiders are advected about 0.1-0.2m, the
spider and dragline become entangled, resulting in a stable configuration. It is
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Fig. 12 Snapshots of vorticity (s~!) of the flow during free fall of the spider-dragline with
background wind set to |U| = 0.2 m/s at 45° from horizontal. The spider’s mass per unit length is
set to M = 2 X 107> kg/m. The dragline-spider system is shown in pink. (a) t = 0.25s. (b) t = 2s

possible that this entanglement effectively generates a large surface area that also
acts to generate sufficient drag to keep the spiders afloat. By varying the direction
of the wind, we change the horizontal and vertical velocity components but keep the
same strength of the wind. With a large vertical component (60° wind, blue profiles
in Fig. 13), the spider-dragline system keeps rising in the air, while its horizontal
shift is decreased compared with the other directions (red and black profiles). In the
intermediate case (45° shown in red), the spider-dragline system advects beyond
the computational domain. With the smallest vertical component (30° in Fig. 13),
the spider-dragline system descends and will drop to the ground eventually, unless
the wind direction or speed is changed.

Figure 14 shows the vertical velocity profile for the dragline’s tip, where the
spider is attached, when the spider-dragline free-falls in uniform winds of the same
strength (JU| = 0.2m/s) but different directions. The spider mass per unit length
was fixed at M = 2 x 107 kg/m. Initially, the spider moves with the background
flow. Due to gravity, the spider-dragline system begins to decelerate. The movement
of the spider against the background flow causes shearing, vortex formation, and
eventual oscillations in the vertical velocity. The black curve for the 30° wind
ends earlier than the other two curves since the spider-dragline system has left the
[—0.3, 0.3] x [—0.3, 0.3] computational domain.
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Fig. 13 Profiles of draglines in wind of the same magnitude, [U| = 0.2m/s, but different
directions from the horizontal, 30°, 45°, and 60°, respectively. The green line is the initial position.
Blue is used for 60° wind, red for 45° wind, and black for 30° wind. The time increment dt between
draglines is 0.15 s. The spider’s mass per unit length is M = 2 x 107> kg/m, and the initial position
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Fig. 14 Vertical velocity vs. time of the spider-dragline system in winds of the same magnitude
(JU| = 0.2 m/s) but from different directions

3.2.2 Free Fall in a Cavity Flow

In Sect.3.2.1, we considered spider ballooning with a uniform background wind.
The relevant meteorological conditions for ballooning are not, however, always as
simple as uniform flow. To explore the spider ballooning in nonuniform flow, we
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simulate the spider-dragline system free fall in a “lid-driven” square cavity flow.
Such flows roughly approximate the conditions of ballooning with an eddy.

The no-slip velocity boundary condition (U = V = 0) was applied on the bottom
and sides of the domain. On the top of the domain, the velocity was set to U # 0
and V = 0. This models a moving lid in a box, which forms an eddy. To avoid the
discontinuity for the initial condition, we set the velocity at the top boundary of the
domain to a hyperbolic tangent function given by U = 3 tanh(100¢) m/s. With this
boundary condition, results for the two different spider masses per unit length are
considered, M = 2 x 107> kg/m and 4 x 107> kg/m.

Figure 15 shows vorticity snapshots of the spider-dragline system in a cavity
flow. The time values for these vorticity plots are t = 0.6, 0.65, 1, 1.5, 2.2, 2.5, 3,
3.5, and 4 s, respectively. The flow velocity in the domain is initially set to zero. The
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Fig. 15 Vorticity (s~!) snapshots of the spider-dragline system in a cavity flow with background
velocity U = 3 tanh(1007) m/s at the top of the domain and the spider mass per unit length is set
toM =2x 10" kg/m. (a)t = 0.6s. (b) t = 0.65s. ()t = 1s. (d) t = 1.5s. (e) t = 2.25. (f)
t=25s.(gt=3s.(h)t=35s. (i)t =4s
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Fig. 16 Dragline vs. time in the cavity flow U = 3 tanh(100¢) m/s. The colormap is of the dragline
changes from red to blue during the time. (a) The spider mass per unit lengthis M = 2x 107> kg/m
and the time increment dt between draglines is 0.1's; (b) the spider mass per unit length is M =
4 x 1077 kg/m and the time increment dt is 0.25 s

spider begins to fall as the flow develops. Notice that vortices develop in the upper
right corner of the domain due to the velocity at the top. As the cavity flow develops,
the spider-dragline system interacts with these vortices in complicated ways.

Figure 16 shows temporal snapshots of the dragline for spiders with masses per
unit length of M = 2 x 107> kg/m and M = 4 x 107> kg/m. The initial positions
are the same for both simulations. The time increment dt between draglines is 0.1 s
for Fig. 16a; while dr = 0.25s for Fig. 16b. More frames are plotted to show the
dynamics in Fig. 16a. The lighter spider, Fig. 16a, settles slowly and eventually
interacts with the vortices developed in the cavity flow. During this interaction,
the spider-dragline system becomes entangled. For the heavier spider with mass
per length set to M = 4 x 107> kg/m, the situation is simple: The spider settles
before the cavity flow develops. Note that more frames are shown in the plot for
M = 2 x 107> kg/m than for M = 4 x 107> kg/m in Fig. 16b since the snapshots
end when the spider hits the ground.

Figure 17 shows the vertical velocity of the bottom point of the dragline vs. time,
which corresponds to the dragline profiles shown in Fig. 16. The heavy spider with
M = 4x107° kg/m, shown as the blue curve, has a large downward vertical velocity
until it hits the ground around ¢+ = 2. Recall that it falls to the ground before the
cavity flow develops, and no upward motion is observed. For the lighter spider with
mass per unit length set to M = 2 x 107> kg/m, the vertical velocity oscillates
from positive to negative. Positive velocity can be attributed to the interaction of the
spider-dragline with the background vortices due to cavity flow.
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Fig. 17 Vertical velocity (m/s) of the end of the dragline attached to the spider vs. time (s) for
free fall in the cavity flow. Spiders with masses per unit length of M = 2 X 10~ kg/m and
M = 4 x 107> kg/m are shown. (a) t = 0.3s. (b) t = 0.6s (before release). (¢) t = 1.04s
(after release). (d) t = 1.2s

By comparing the dragline dynamics with different background winds, we have
found that the details of the air movement are important for determining the amount
of time the spider spends in the air and the distances traveled. Not only the strength
but also the direction and local dynamics of the wind are critical. However, when a
spider initiates the climb to a tiptoe position, what are the important signals available
to control the subsequent takeoff? To explore this question, we simulate the spider-
dragline tethered in the flow to simulate tiptoeing. We then release the spider to
examine the dynamics of takeoff.

3.3 Dynamics of Takeoff

Herein, we identify the mechanical factors of takeoff associated with spider bal-
looning by simulating the spider-dragline system tethered in the flow and released.
Beside the flow field and the dynamics of the dragline, the force acting on the tether
is analyzed. Note that the spider mass per unit length is fixed at M = 2 x 10~ kg/m
for the subsequent simulations.
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Fig. 18 Vorticity (s~!) snapshots showing the dynamics of a tethered spider-dragline that is
released in a 45° wind with strength [U| = 1m/s. The spider is released at + = 1s. Here,
M = 2 x 107 kg/m. The pink curve is the dragline

3.3.1 Takeoff in Uniform Winds

Four snapshots in time of the vorticity of the flow are shown in Fig. 18. At the
earliest time, + = 0.3s (in Fig. 18a), the dragline gradually tilts and aligns with
the background wind profile. Subsequently, flapping and shedding of alternately
spinning vortices begins as shown in Fig. 18b at t = 0.6s. Once release occurs
(as shown in Fig. 18c-d at t = 1.04-1.25), the spider and dragline entangle and
move with the background wind. More deformations are created by the vortex in
the surrounding air as seen in Fig. 18d att = 1.2s.

Figure 19 shows the force per unit length (N/m) acting on the spider when it is
tethered (¢ < 1) with different wind directions. The strength of the wind is fixed at
|U| = 1m/s. As the dragline is massless in our model, the comparison confirmed
that the tether force is of a similar magnitude. At the beginning of simulation, the
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Fig. 19 Force per unit length (N/m) acting on the tether vs. time (s) in a uniform wind moving in
two directions (45° and 60°)

forces per unit length increase as the draglines align with the uniform background
and are slightly stretched. Around ¢+ = 0.15 — 0.2 s, vortex shedding begins and the
forces per unit length begin to oscillate. This is interesting since laboratory studies
show that the length of time spent attempting to takeoff is a factor for whether or
not to balloon [35]. This may be correlated to the alignment of the dragline with the
wind and the dynamical forces experienced by the spider.

In order to visualize the spider-dragline system in the flow, Fig.20 shows
successive positions of the dragline at selective time points representative of the
typical stages of tethering, release, and free flight. The blue line shows the dragline
in a uniform wind that is directed 45° from the horizontal, and the red lines show the
draglines in a wind directed 60° from the horizontal. The green line shows the initial
position for the spider-dragline system. Dashed or dotted lines show the profiles of
the dragline while the spider is tethered at position (—0.75,—0.75) and for ¢ < 1s.
During the tether (¢ < 1), the time increment between draglines is df = 0.15s for
both background winds. After the release (f > 1s), the draglines are plotted at ¢ =
2.25,2.8,2.9, 3, 3.1, 3.2, and 3.3s in the 45° wind, and r = 2.15, 2.85, 3.05, 3.2,
and 3.35s in the 60° wind. These selective stages demonstrate the dynamics of the
spider-dragline but the draglines are not overlapped for visualization purpose.
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Fig. 20 Snapshots of the dragline at different instances in time for a 45° and a 60° background
wind. The spider is released at = 1s. For both cases, the mass per unit length of the spider is set
to M = 2 X 107> kg/m. The green line is the initial position. During the tether (+ < 1), the time
increment between draglines is dt = 0.15 s for both background winds. After the release (r > 1s),
the draglines are plotted at t = 2.25, 2.8, 2.9, 3, 3.1, 3.2, and 3.3 s in the 45° wind, and t = 2.15,
2.85, 3.05, 3.2, and 3.35 s in the 60° wind

3.3.2 Takeoff in a Cavity Flow

To further study the dynamics of takeoff, we also simulated the spider-dragline
in nonuniform wind, i.e., cavity flow. The setup for cavity flow was the same
as performed in Sect.3.2.2: the flow starts at rest; the horizontal velocity on
the top of the domain is set to U = 3tanh(100f) m/s and the velocities on
the other three boundaries are all set to zero; and eddies are formed within the
computational domain. For the spider-dragline system, the dragline was initially
positioned vertically above the spider. At the beginning of the simulation, the spider
was tethered at the center of the domain and was then released in the flow at t = 2.
The spider mass per unit length in all cases was set to M = 2 x 107> kg/m.

Figures 21 and 22 show eight representative snapshots of the vorticity field with
the dragline colored in pink. Figure 21 shows four snapshots of the vorticity field
during the tether (r < 2s). Figure 22 shows four snapshots after release (t > 25).
While the spider-dragline system is tethered, the dragline waves around and interacts
with the flow. The dragline sometime breaks up the vortices developed due to the
background cavity flow, and the dragline itself sheds vortices in an alternate pattern,
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Fig. 21 Vorticity (s~!) snapshots showing the spider-dragline system in the cavity flow. The
spider-dragline is tethered for r < 2s and released at + = 2s. The dragline is shown in pink.
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as seen in Fig. 21d. Once the spider-dragline system is released, it free-falls and is
advected in the cavity flow, which is dominated by the large eddies moving around
the domain.

Figures 23 and 24 show the profiles of dragline during tether and release,
respectively. Initially, the dragline is positioned vertically as shown by the green
straight line near the center of the domain. From the profiles of the dragline at
different instances in time during the tether (Fig.23), we see that the dragline is
swirled by the cavity flow due to the nonzero velocity imposed on the top boundary
of the domain. Once the spider-dragline is released from the tether as shown in
Fig. 24, it mostly moves with the cavity flow though there are some effects due to
gravity. For a longer time simulation, we have observed that the spider continues to
be advected round and round the large eddy produced by the cavity flow.

Figure 25 shows the force per unit length acting on tether during t < 2. When
t < 1s, the force is negligible. The massive spider is fixed and the massless dragline
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Fig. 22 Vorticity (s~!) at various times in the cavity flow (continued). The spider-dragline is
tethered for + < 2s and released at t = 2s. (a)t = 2.4s. (b)t = 2.8s. (¢)t = 3.2s. (d)
t=4s

does not move in a nearly “quiescent” fluid. The fluid motion produced by the
nonzero velocity imposed at the top of the domain generates vortices as shown in
Fig.21a. After t > 1s, the interaction between the dragline and the flow is intense.
Near r = 1.2 s, a vortex with positive vorticity directly reaches the spider. The force
is dramatically increased at that time. The instability of the flow field causes large
variations in the tether force. When spiders in the tiptoe position can sense this flow
force acting on them, they might utilize the force as a signal for further unsteady
fluid motion and eventually takeoff given some threshold.

4 Conclusions

By numerically solving the fully coupled fluid—structure interaction problem of a
flexible dragline in a viscous fluid, we have revealed new phenomena that cannot
be captured by simpler models that neglect how the presence of the dragline affects
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the motion of the air. Our results show that for Re > 103, strong vortex shedding
occurs at the end of the dragline, resulting in oscillations of the dragline itself and
some horizontal movement of the spider as it falls through a quiescent fluid. Strong
vortex shedding is also present before takeoff, which may generate higher transient
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Fig. 25 Force per unit length (N/m) acting on the point where the spider is tethered vs. time (s).
The spider is released at + = 2s. The large forces beginning after + = 1s are due to vortices
produced by the cavity flow interacting with the dragline

forces to lift the spider into the air. It is also possible that the spiders can sense
the vortex shedding frequency and use it to inform whether or not to take off since
shedding frequency will vary directly with wind speed. This information could also
be used to determine how much longer to make the dragline since the dynamics of
the oscillations will also depend upon dragline length.

Our results show that for the parameters considered, the settling velocity varies
linearly with the length of the dragline and nonlinearly with the mass of the spider.
At the settling velocity, the gravitational force, Mg, balances the drag. Drag varies
linearly with length and linearly with velocity for Re << 1 and quadratically for
Re >> 1. For the set of parameters considered, the observed linear relationship
suggests a lower Re scaling between force and velocity. When varying the mass of
the spider and keeping the length of the dragline constant, a nonlinear relationship
is observed between force and velocity since the gravitational force and drag are
balanced. This suggests that the larger masses and resulting higher settling velocities
push the system to a higher Re scaling.

Direct comparison of settling velocities resulting from the two-dimensional
simulations and those of actual three-dimensional spiders is not straightforward. In
a two-dimensional simulation, we are essentially modeling an infinitely long sheet
which will have higher drag than a one-dimensional line. The mass of the spider
must be scaled accordingly, but the relationship between the drag produced by a
one-dimensional string and a two-dimensional sheet across intermediate Reynolds
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numbers in unsteady flow is not obvious. As a crude estimate, we divide the mass of
an actual spider by the diameter of the spider to obtain a mass per unit length. The
resulting settling velocities are within the range of those observed for actual spiders
[30, 31].

Interestingly, in many simulations, the dragline bends at the tip where the spider
is attached. This is perhaps not surprising given the strong vorticity that forms at this
leading tip and the low resistance to bending of the dragline. It is not clear if such
strong bending would occur in three dimensions or in the presence of electrostatic
forces. Similarly, the entire dragline becomes “entangled” in cases where the flow
is unsteady. This is particularly true for the movement of the spider within a cavity
and also within a crosswind. The tangling of the dragline was also predicted by
Reynolds et al. [23]. It is not clear if this phenomenon occurs during actual spider
ballooning.

Complex transport dynamics are observed in updrafts and eddies. When eddies
are present in the background flow, the dragline may quickly become entangled.
It is also possible in these cases for the spider to swirl through the air and remain
suspended in the air column as in Fig.24. In uniform background flows, strong
vortex shedding from the tip of the dragline can result in tangling of the dragline
after takeoff. Depending upon the entanglement pattern, the dragline may effectively
act as a bluff body with finite width, potentially increasing the drag coefficient and
lowering the settling velocity.

A natural next step for this work is to move into three dimensions. As mentioned
above, the two-dimensional simulations essentially represent a sheet that is infinitely
long in the direction moving into and out of the two-dimensional plane. It is likely
that the interactions of a sheet with a fluid and its dynamics would be rather different
from a one-dimensional dragline. This extension would also allow us to consider
multiple draglines that are used by some species of spider for ballooning.
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