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Abstract

Aquatic resistance training is a key technique within both sports training and osteomuscular reha-
bilitation, typically featuring the use of devices such as swimming parachutes to augment the
hydrodynamic drag of the trainee. Conventional swimming parachutes, however, are limited by
the classical strong (quadratic) scaling of drag force with velocity: to maintain a consistent target
resistance, the swimmer must maintain a constant speed and the parachute size must be closely
adjusted to this speed. In this work, we present and evaluate a bio-inspired approach to overcome
these limitations. Many flexible biological structures, both terrestrial and aquatic, show weakened
drag-velocity scaling, and thereby more consistent drag loading: an effect measured by the Vogel
exponent (V). We design a swimming parachute with squid-inspired morphology that uses struc-
tural flexibility to weaken drag-velocity scaling, and evaluate it experimentally under the hydro-
dynamic conditions associated with crawl swimming. This evaluation confirms low Vogel expo-
nent (—0.9 <V < —1.3), corresponding to linear-to-sublinear scaling of drag force with velocity,
across several different morphological configurations. This demonstration of improved resistance
load consistency via flexible bio-inspired morphology has the potential to reduce the risk of injury
in aquatic resistance training, and provides a novel connection between biological fluid-structure
interaction and biomedicine.

Nomenclature: elevate muscular tension, thereby placing stress on the

musculoskeletal tissue [1]. This stress increases oxy-
Drag force Fp, N gen consumption and energy production, promot-
Velocity Ukmh=!andms! ing long-term adaptations such as improvements in

muscular strength, tone, and trophism [2]. Resistance
Vogel exponent 1% . . .

aquatic training has been shown to be beneficial for
Reynolds number Re swimmers’ performance [3] as well as for patients
Disk nominal radius 1, cm with various musculoskeletal conditions [4].

A wide range of devices—including swimming
parachutes, drag suits, hand paddles, fins, and spe-
cialised boots and barbells [5]—are available for
generating aquatic resistance, which is produced by
hydrodynamic drag (Fp) resulting from the inter-
action between the water and the moving device
[6]. At flow regimes associated with human swim-
ming, the magnitude of this force typically depends

Confidence interval  CI
E, GPa
p, kgm™?

Elastic modulus

Density

1. Introduction

Effective physical training in sports and rehabilitation
often requires increasing movement resistance. The
purpose of increasing resistance during training is to

© 2026 The Author(s). Published by IOP Publishing Ltd

on the square of its velocity (U, Fp o< U?), assum-
ing that the device is a rigid body [7, 8]. This strong
velocity dependence makes it difficult to maintain a
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constant target resistance load [1, 9], forcing train-
ers and rehabilitators to try to approximate target
loads via device size and movement cadence [1, 10—
12]. This contrasts with resistance control in train-
ing and therapy on dry land, where training-load can
be precisely regulated through quantifying the weight
moved [13, 14]. Improvements to load control within
aquatic resistance training would offer several bene-
fits: well-managed training-loads reduce the risk of
injury and enables training plans with gradual resis-
tance progression [15]. This in turn facilitates ner-
vous system adaptation, including improvements in
cortical representation [16] and motor rehabilitation
[16, 17].

The question of the strength (or, weakness) of
drag scaling with velocity has seen significant study
in another field: biological and bio-inspired fluid-
structure interaction. It is well known that a wide
range of flexible structures [18], including in plant [8,
19,20] and animal [8, 21, 22] morphology, show drag
scaling lower than quadratic. In this context, Vogel
[23] defined what has come to be termed the Vogel
exponent (V):

Fp o UV, (1)

In botany, several previous studies have quantified
V for different plant species—leaves, branches, or
whole specimens—in both aquatic and terrestrial
environments [19, 20], with exponent values ranging
from 0 to —1.3. This weakened drag scaling increases
the survivability of vegetation against wind [24] and
water [19] loading. In engineering fluid-structure
interaction, previous studies have focused on the
characteristics of ideal rectangular plates (V = —1.4),
cut disks (V = —1.1) [18], beams (V ~ —0.86) [25]
and bluff bodies with rear flexible plates (V ~ —0.1).
The latter have been suggested for drag reduction
applications in heavy transport [26]. A range of
computational [27] and reduced-order models [28,
29] for different ideal configurations have been devel-
oped. However, to the authors’ knowledge, no Vogel-
type studies have previously been conducted for reha-
bilitation and sports training applications, nor have
any applications of the Vogel exponent in other fields,
such as transport, reached the level of validated phys-
ical prototypes.

This study introduces one such application and
prototype: a potential solution to the challenge of
strong drag-velocity scaling (i.e. load inconsistency)
of conventional swimming parachutes [6, 9], via bio-
inspired flexible morphology. We propose and design
a swimming parachute [6] with a flexible folded
cut-disk morphology, inspired by squid arms—squid
operate at Reynolds numbers similar to those of
human swimming [30, 31]. In addition, to explore
the dependency of scaling on morphology and pro-
vide further avenues for resistance load management,
the parachute cut-disk morphology is evaluation of
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the drag-velocity scaling of this novel parachute,
under conditions that are representative of human
crawl swimming, and identify power-law and poly-
nomial models describing the relationship between
Fp, U, and adjustable radius (r). This evaluation
confirms significantly weakened drag-velocity scal-
ing, with Vogel exponents showing a trend from —0.9
(mildly superlinear scaling) at minimum radius, to
—1.3 (sublinear scaling) at maximum radius. In com-
parison to existing swimming parachutes [6, 9], drag
loads are significantly more consistent with veloc-
ity: a potential solution to the challenge of consis-
tent loading in aquatic resistance training [1, 9];
and a novel connection between bio-inspired fluid-
structure interaction and biomedicine.

2. Methods

2.1. Bio-inspired training device design

Figure 1 illustrates the design and intended use of
a squid-inspired aquatic training device, analogous
to a swimming parachute [6, 9]. The principle of
the design is as follows. A swimmer wears a belt
with a rope attached to the device, which comprises
a cut and folded disk connected to a hollow shell
within which is a buoyancy chamber. The cut disk
is constructed from polyethylene terephthalate (PET,
E=3.7GPa,p=1.33kgm™"' [32]) sheet of thick-
ness 0.3 mm. PET is chosen for accessibility and con-
sistency with prior Vogel exponent studies [33, 34],
though we note that it differs from the textiles used
in swimming parachutes [6, 9]. The cut disks of the
device can be retracted into the hollow shell, enabling
adjustment of the nominal radius of the disk (r) to
seven levels, corresponding to different levels of over-
all load: this adjustability allows us to study the effect
of device r on drag-velocity scaling, and would enable
trainers or rehabilitators to adjust the target resistance
prior an aquatic training session [5] The design draws
inspiration from the flexibility of squid arms [35, 36]
and their (actuated) flexion during hunting activities
[37]. Moreover, Reynolds numbers in squid swim-
ming (Re &~ 10% -10° [30]) are comparable to those in
human swimming (Re =~ 6.6 - 10°-3.9 - 10° [31]).

2.2. Experimental design

Consistent with previous studies [6], the device was
submerged at neutral buoyancy just below the surface
of an artificial lake (1.5 m deep, freshwater at 13°C)
within the campus of Universidad Militar Nueva
Granada in Colombia. It was towed via a non-elastic
rope by an electric scooter (Xiaomi 3) over a distance
of 10 m, measured by ground marks, and starting
from rest (figure 2(a)). This distance is commensu-
rate with that required for a human swimming crawl
to reach target speeds [38]. Considering the tension
force in the rope during steady motion to represent
hydrodynamic drag, as in previous studies [6], a Pasco
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Figure 1. A bio-inspired flexible swimming parachute for aquatic resistance training (a) Schematic of the squid-inspired
parachute, and illustration of its use in aquatic resistance training. (b) and (c) Photograph of a prototype device, illustrating
flexion of the cut-disk morphology—here, under gravity, as an illustrative simulation of hydrodynamic drag.

PS-2104 force sensor (figure 2(a)) was used to mea-
sure tension [39] with a sampling frequency of 1 kHz.
To coordinate distance and time, force sampling was
started and stopped manually before and after the
towing period—though we note that the rope gener-
ally started slack, and that the manual sampling stop
was slightly delayed with respect to the 10 m mark.
We account for this both effects when processing data
(Section 2.3). During the last meters on the marked
trail, the scooter speed was monitored on its control
panel, aiming to maintain a speed variation below
10%, commensurate with the intracycle velocity vari-
ation in crawl swimmers [6].

Experiments were conducted in triplicate, across
velocities in the range reported by Fernandez et al [39]
for crawl swimming (2-7 km h™!)—the most com-
mon swimming style—, and across seven different
load levels, corresponding to the following adjustable
radii (r): 52, 55, 58, 61, 64, 67, and 70 cm, commen-
surate with the dimensions of commercial swimming
parachutes [5]. Our design of experiment is to first
capture a complete univariate dataset for each of
parameter in isolation: velocity, at nominal radius
r =70 cm; and radius, at velocity of 4 km h™'—this
latter velocity was chosen as the average speed of pro-
fessional crawl swimmers with resistance [40]). We
then capture a limited range of additional datapoints
to capture the multivariate relationship between drag,
velocity, and radius: specifically, for r=64 and
67 cm, velocities 2, 4 and 5km h™!, and for the
remaining radii (r = 52; 55; 58; and 61 cm), veloci-
ties 2 and 4 km h™". The full dataset of force measure-
ments can be found in the supplementary material.

2.3. Data processing
Force time signals were processed as follows. (i)
Signals were subjected to low-pass filtering to remove

3

noise. (ii) Signals were clipped in time to before the
sudden force drop due to deceleration after the 10 m
mark—providing an approximate time-distance syn-
chronisation. (iii) Only the last 20% of the remaining
signal was extracted as the drag force (Fp)—to ensure
that the test speed had been reached, the rope was
in tension, and the disk flexion had reached steady
state. To illustrate this processing, figure 2(b) presents
a force signal vs time (s) and distance (m) for r =
70 cm at 7 km h ™', To determine V, we apply power-
law regression over mean Fp and U, following the
botanical studies of Bekkers et al [24] and Zhang et al
[41]. We then perform linear regression over V and
r; and polynomial regression over Fp and r. Finally,
we perform multivariate regression over Fp, rand U,
informed by univariate models.

3. Results

3.1. Weakened scaling of drag force with velocity

To characterise the relationship between hydrody-
namic drag (Fp) and swimming velocity (U), and
thereby determine the Vogel exponent (V), we per-
formed a power-law regression [24, 41], of the model:

FD :an (2)

where V = b — 2. Box-and-whisker plots of experi-
mental measurements of Fp for each U for a load
level with r =70 cm are presented in figure 3, the
power-law regression of equation (2), with a = 14.33
and b=0.71 (V = —1.29), alongside drag measure-
ments reported for a 1600 cm? commercial swim-
ming parachute [9]. The regression characterises the
data well (R? = 0.97). Compared to the conventional
swimming parachute [6, 9], the bio-inspired device
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Figure 2. (a) Illustration of experimental setup. (b) Example of drag measurement vs time and distance for load level (nominal

Time (s)

shows significant weakening in the scaling of drag
force with velocity: sublinear, rather than quadratic,
scaling is observed, with V = —1.29. This value is
consistent with theoretical estimates of the Vogel
exponent of a flexible cut disk rolling into a cone,
as per Gosselin et al [18] (V = —1.33). These results
suggest that bio-inspired flexion is a pathway to main-
taining aquatic training loads that are as constant as
possible with swimming speed.

3.2. Dependency of Vogel exponent on nominal
(adjustable) radius

Figure 4 shows Vogel exponent (V) estimates
obtained via power-law regression (Section 3.1) for
each load level setting (adjustable nominal radius,
r). Vogel exponent estimates range from —0.99 to
—1.29: consistent linear to sublinear scaling of drag
force with velocity at all load level settings, in contrast
to the traditional swimming parachutes described by
Cortesi et al [6] and Coloretti et al [9]. These val-
ues are lower than those reported for plants [19, 20],
but higher than those reported for flexible plates
(V = —1.4) [18]—the latter, likely due to the flow
between the disk’s cuts, as per Gosselin e al [18]. The
full dataset of power-law regressions can be found in
the supplementary material.

We observe a trend of decreasing Vogel exponent
(i.e. further weakening of drag-velocity scaling) with
nominal radius. We characterise this trend with a lin-
ear regression:

V=cr+d, (3)

and identify ¢= —0.01 and d = —0.24, with high
coefficient of determination (R? = 0.81). Physically,
larger rincreases the cut disk’s flexibility, as well as the

drag contribution of the cut disk relative to that of the
bluft-body hollow shell. In the idealised framework

of Leclercq & de Langre [28], these might be consid-
ered to be a combination of both material (¢) and
geometrical (¢) parameters, though distinguishing
which is more significant in the context of this device
is challenging. We note also that this linear regres-
sion will not hold asymptotically: at sufficiently high
Uand r—i.e. large Cauchy number [28]—flexion will
completely align the disk with the flow and V will
converge.

To confirm that this trend is not a result of the
changing window of velocity over which the power-
law regression is performed, we perform an addi-
tional two-point Vogel exponent estimate using data
for 2kmh~! and 4 km h™", which was captured for
all nominal radii. For any pair of force—velocity data-
points (Fp 1, Uy and Fp », U,), the Vogel exponent is
exactly determined by:

_ In (FD71/FD’2)

ln(Ul/Uz) -2 (4)

Figure 4 illustrates these further estimates, which con-
firm the trend of decreasing Vogel exponent with
nominal radius.

3.3. Sub-quadratic scaling of drag force with
nominal radius

Figure 5 illustrates the relationship between drag
force and nominal radius for the representative case
of 2 km h™" velocity. In the case of a rigid disk under-
going isometric scaling, the relationship between drag
force and radius would be roughly quadratic, based
on the scaling of frontal area [7, 8]. However, the flex-
ible device shows notably weaker scaling. We quantify
this with a second-order polynomial regression of the
form:

Fp =er? +fr (5)

4
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Figure 3. Box-and-whisker plots of drag force scaling with velocity, alongside the power-law regression, for device nominal
radius of 70 cm. For comparison, reported drag force results for a conventional 1600 cm? swimming parachute [9] are over-
laid. Across velocities commensurate with crawl swimming, significant weakening of the drag force scaling is observed, down to
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Figure 4. Computed Vogel exponents (V) for each nominal radius, both for the full power-law regression and the two-point esti-
mate: a trend of decreasing )V with r is observed. Velocity windows, and the power law coefficient of determination, are indicated,
alongside comparable Vogel exponent values from the literature.
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Figure 5. Box-and-whisker plots of drag forces against nominal radius (i.e. load level setting), for the representative case of

2 km h™! velocity. Near-linear scaling is observed,

where the coefficient f accounts for weakened scal-
ing. Regression results for 2kmh™"' (e=0.01 and
f=—0.65, figure 5) and 4km h™' (e=10.02 and f =
—0.64) indicate scaling that is nearly linear (rather
than quadratic). Several factors may account for this
weakened scaling, including (i) the trend in Vogel
exponent with radius (figure 4), leading to more
extreme flexion at larger radii; (ii) the non-isometric
scaling associated with increasing the cut-disk radius,
leading to a reduction in effective frontal area at larger
radii—analogous to effects observed by Gosselin et al
in flexible plate tests at higher speeds [18]; and (iii) a
transition in dominance from form drag to skin fric-
tion drag as the nominal radius and degree of flex-
ion increases, leading ultimately (for large radius) a
seaweed-like pattern of reconfiguration [19, 20].

3.4. Multivariate relationships

The univariate relationships identified in Section 3.1—
3.3 can themselves be assembled into an approximate
multivariate relationship between drag, velocity and
nominal radius—as illustrated in figure 6. The ques-
tion then arises of what multivariate model is appro-
priate for this relationship. We consider first the com-
bination of a velocity power law (U”) and quadratic
radius scaling (r?):

FD = arZUb (6)

corresponding to the assumption of a Vogel expo-
nent that remains completely constant. Figure 6 illus-
trates regression of this model to the experimental
data. Despite capturing the overall trend (R?> = 0.91),
there are observable discrepancies, particularly in the
scaling of drag with radius. We then consider a pos-
sible extension to this model, based on the linear
dependency of Vogel exponent on radius identified in
Section 2.2:

Fp = ar? U, (7)

This extension leads only to a marginal improvement
in goodness of fit (R?> =0.94) and does not resolve
the discrepancies in the scaling of drag with radius.
In addition, regression of equation (7) identifies an
increasing trend of Vogel exponent on radius (¢ > 0),
inconsistent with univariate results (figure 4). From
this we conclude that the sub-quadratic scaling of
drag with radius—identified in Section 3.1-3.3, and
reflected in the multivariate relationship—does not
stem primarily from a dependency of Vogel exponent
on radius, but must arise from other factors, such as
the non-isometric scaling of the device and the bal-
ance of form and skin friction drag. Extensions to
existing reduced order-models of flexible reconfigu-
ration, e.g. [28, 29], might offer more effective multi-
variate models for this device.
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Figure 6. Surface of multivariable model of the relationship between drag forces, adjustable nominal radius (i.e. load level set-
ting), and velocity. Full data sets, and mean drag, are indicated, alongside polynomial and power-law regressions.

4, Discussion and conclusion

This work establishes a novel connection between
biological flow control and biomedicine. It proposes
a biomimetic device as a potential solution to aquatic
training-load management challenges by weakening
the scaling of hydrodynamic drag force with veloc-
ity. Inspired by squid morphology, the biomimetic
device functions like a swimming parachute, but fea-
tures a flexible cut-disk geometry with adjustable
load levels. Tested under realistic crawl swimming
conditions, we identify power-law and polynomial
models for this device that describe the relationships
between hydrodynamic drag (Fp), swimming veloc-
ity (U), and loads level (adjustable nominal radius, r).
We demonstrate: (i) consistently low Vogel exponents
across all load level settings, corresponding to sublin-
ear drag-velocity scaling—substantially weaker than
traditional swimming parachutes [6, 9]; (ii) a trend of
decreasing Vogel exponent with nominal radius, indi-
cating the presence of complex fluid and structural
scaling effects; and (iii) a multivariable model relating
Fp, U and r for practitioners. This device represents
the first application of the Vogel exponent in reha-
bilitation and sports training, as well as a novel step
in Vogel exponent studies from theory into the field:
a validated prototype of a Vogel-type device. Future
evaluation should examine how the device responds
under human swimming wakes, as prior studies have

reported a 15 % reduction of conventional parachute
resistance when towed by a propelling swimmer [9].
Such evaluation should also assess the effect of tran-
sient velocity variations—such velocity variation is
also known to have significant effects on conventional
swimming parachutes [6]. Water tunnel experiments,
rather than the simulated open-swimming experi-
ments of this work, would be better suited to assessing
these effects.

In summary, our results suggest that aquatic
training devices that utilise bio-inspired structural
flexion could address the challenge of maintain-
ing near-constant training load in underwater resis-
tance training [1, 9]. They provide renewed moti-
vation for studies of the fundamental mechanics
of structural flexibility in fluid flow, particularly
for complex geometries such as the folded cut-
disk used in this study, which has not previously
received theoretical characterisation. They also moti-
vate clinical study into whether reconfiguration-
based sublinear drag-velocity scaling yields improve-
ment in underwater training outcomes [9]. And
finally, given the close relationship between bio-
inspired and biological (particularly, botanical) flow-
induced structural reconfiguration, the possibility
of biohybrid devices for sports training and reha-
bilitation arises—perhaps plant morphology itself
can provide an accessible and sustainable training
tool?
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