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Abstract: This study analyzes the effect of the morphological characteristics of swimmers on passive
drag and determines whether the female or male body type is more efficient for gliding. As a result
of puberty, males and females develop different body structures; this study investigates whether
these changes in shape influence drag. Computational fluid dynamics (CFD) simulations carried out
in Ansys Fluent software were used to calculate the drag force and coefficient from 2D models of
swimmers in streamline position, generated based on common anthropometric measurements. Both
the top and side view profiles of the swimmers were simulated, unique to this study. The normalized
male and female body shapes were simulated at different velocities, and it was demonstrated that
the male body shape has a lower drag coefficient than the female body shape by 10.1% and 2.8%
for top view and side view profiles, respectively. The in-depth analysis and simulation of models
with varying hip and chest dimensions found a significant and positive correlation between hip
and chest size and drag, with the chest size having the largest effect of an average 12.2% increase
in drag per 5% increase in chest breadth. The results from modifying anthropometric variables
explain the discrepancy between the drag experienced by male and female swimmers and show that
enlarged hips and chests cause an increase in resistance. The differences between drag for males
and females were found to be comparable to the 6.2% and 7.7% drag differences between full-body
fastskin and normal suits, indicating measurable impact on performance. These findings suggest that
the morphology of swimmers does have a significant effect on drag and that the male body shape is
more hydrodynamic than the female body shape.

Keywords: computational fluid dynamics (CFD); drag coefficient; swimming; body morphology;
streamline; male and female body type comparison

1. Introduction

The principles of fluid dynamics have long been used in competitive swimming
to analyze performance and efficiency. In a sport where a spot on the podium can be
determined by the length of a fingernail, it is no surprise that significant research and
emphasis is placed on perfecting technique. A prominent example of the cutthroat nature
of the sport was the men’s 100 m butterfly final during the 2008 Beijing Olympics, where
Michael Phelps out-touched Serbia’s Milorad Cavic by 0.01 s [1].

Whether swimmers consciously realize it or not, the science of fluid dynamics plays at
the heart of the sport, and technique is built around reducing the drag and maximizing
thrust. It is of utmost importance for swimmers to consider technique from the perspective
of drag minimization.

In swimming, drag is broadly categorized as either passive or active. Passive drag
is drag for a swimmer in a stable position. For example, drag experienced by a swimmer
during gliding (without kicking and pulling) is passive drag [2]. Active drag is resistance
experienced by the swimmer when in dynamic motion. Active drag can be calculated
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for swimmers performing one of the four strokes: freestyle, backstroke, breaststroke,
and butterfly.

In this study, only passive drag is considered for the sake of simplicity; active drag
introduces many complex factors due to the dynamic nature of swimming strokes and
depends more on swim mechanics than shape [3]. This study explores the gliding phase in
swimming, which occurs during the start and turns in the race and plays a crucial role in
performance [2]. On average, the gliding phase contributes to approximately 10–15% of
race time, and for breaststroke events it can be up to 44% of race time [4]. Specifically, the
drag on the streamline, where the swimmer is in a prone position with arms extended at
the front, is analyzed. Passive drag has a more direct relationship to body morphology, and
analyzing the gliding phase is a good predictor of overall swimming performance.

1.1. Methods of Calculating Drag

In the past, there have been several methods used by coaches and scientists to analyze
and calculate drag, including towing, flume, inverse dynamics, and computational fluid
dynamics [5]. The first three mentioned are more experimentally based, using the motion
and dynamics of the actual swimmer for calculations, while computational fluid dynamics
simulates the swimmer moving through the water using modeling.

1.1.1. Towing

One of the earliest methods used is towing, where drag force is directly calculated
from a dynamometer, a device which measures force. Swimmers are attached to a towing
cable and pulled through the water at specific velocities [5]. This is the most widely used
and reliable method for calculating drag force.

1.1.2. Flume

Similar to the towing method is the flume method. The swimmer is attached to a cable
and water flows through the channel against the swimmer while he/she remains stationary.
The drag force is measured in the same way as in towing [5]. One advantage to this method
over towing is that the conditions are controlled and stable.

1.1.3. Inverse Dynamics

This method uses the motion of the swimmer to determine the forces. This is typ-
ically performed on swimmers gliding off a push, and the change in velocity is used
to measure the deceleration and the resistive force [5]. This method is convenient and
economically advantageous.

1.1.4. Computational Fluid Dynamics (CFD)

Computational fluid dynamics (CFD) is the most recently developed method out of the
four. It typically uses a numerical (finite-element or finite volume) solver to calculate pres-
sure and/or drag forces from a 2D or 3D model of a swimmer generated using fine mesh [5].
This method gives a detailed analysis of the fluid behavior around a swimmer, making it
advantageous to use. Even though it inevitably produces numerical approximation errors,
they can be minimized and controlled with a proper convergence analysis. Compared to
other methods, CFD depends only on the generated model of the swimmer. Therefore,
unwanted interference (factors that can lead to errors in experimental approaches) is not a
concern with it [6]. This study employs only the CFD method.

In recent years, the computational fluid dynamic approach to calculating drag on
a swimmer has become increasingly popular and reliable. It has been shown that CFD
simulations on models generated by scanning swimmers obtained results within 4% of
experimentally determined values [7].

The CFD method has been used in many different scenarios and has obtained useful
results and insights. In one of the earliest studies, [6] analyzed just the swimmer’s hand
and arm at various angles. Later studies were done on the full body; two studies analyzed
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the relationship between water depth on the drag coefficient during a streamline position
at different velocities [2,8].

In this study, for simplicity and computational speed, we used 2D models for sim-
ulation. While 3D models could be more accurate, they would introduce many more
variables and levels of complexity; 2D models are well established, and still offer a reliable
and valid approach [9,10]. There have been many studies using 2D computational fluid
dynamics simulations. Ref. [11] analyzed different streamline positions in breaststroke
using the side-view projection. The lateral, dorsal, and prone positions in streamline were
analyzed and compared. Another study analyzed the effects of gliding at free surface
on flow characteristics using the side-view 2D projection as well [12]. Flow topography,
turbulence, and pressure distribution were studied. In addition to measuring the effect
of different positions on drag, some researchers also analyzed the effect of body shape on
drag using computational fluid dynamics [13].

1.2. Impact of Morphology on Drag

Because shape affects the drag coefficient [3], the morphology of swimmers has a great
influence on hydrodynamics. Studies have found that body shape and structure do have
a significant impact on resistance. Ref. [14] found that chest circumference and breadth,
shoulder breadth, and height have an influence on passive drag. Another study analyzed
the changes in body shape from pubertal development and found the correlation of anthro-
pometric measurements with drag [15]. It was found that there was a difference between
the drag of pre- and post-adolescent swimmers. Ref. [16] determined that morphology,
characteristics such as fineness ratio and waist-to-hip taper index, has a bigger influence on
drag and gliding performance than size. Ref. [13] studied differently shaped male bodies
to analyze their hydrodynamic capabilities. Its result found that differently shaped torsos
ranging from inverted triangular to rectangular resulted in varying drag forces, with the
inverted triangle shaped experiencing the lowest drag. Both these studies found that larger
chest-to-waist ratio and larger chest-to-hip ratio resulted in better gliding performance and
lower drag coefficient. They imply that the shape of the swimmer’s body has a noticeable
effect on drag.

Most of the above studies had used the towing method and inverse dynamics (hydro-
kinematic) method. The main drawback of these methods is their inability to model
and examine the exact behavior of flow. Flow characteristics can only be determined by
observation and guesswork based on certain parameters. This study uses computational
fluid dynamics to analyze the resistance (drag force) on swimmers as a function of their
body shape (morphology).

1.3. Competitive Swimming and Sex Differences

In the domain of competitive swimming, and in sports in general, it is well-noted that
top male athletes predominantly perform better than female athletes.

According to [17], males swim 10% faster than females on average. This still holds
up today, where the Olympic record for men in the 100 m freestyle is 9.6% faster than for
women: 47.02 s set by Caeleb Dressel and 51.96 s by Emma McKeon at the 2020 Tokyo
Games [18].

The gap in performance is attributed to several factors, including height, muscular
mass, hormones, and fat distribution [17]. These lead to differences in power, endurance,
and resistance. As a result of reaching puberty, males and females develop distinct body
characteristics, such as changes in height and chest girth [15]. These differences in shape
affects flow behavior and resistance [3]. Therefore, it is worth exploring if and to what
extent there is a difference in drag between male and female swimmers.

1.4. Rationale

A limited number of studies have analyzed the effects of morphological features on
swim performance, and even fewer have done so using computational fluid dynamics [13].
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There have also been a limited number of sources focusing on analyzing the difference
between male and female drag coefficients as a result of shape. This study adds onto
previous research done in morphology and swimming by exploring and quantifying the
relationship between shape and the drag coefficient to determine whether female or male
body types are better for gliding.

This study fills the gap in the knowledge of the effect of morphology on drag by using
computational fluid dynamics (CFD) to analyze the behavior of flow around differently
shaped swimmers, specifically with varying hip and chest sizes. It also improves upon
previous 2D simulations by including a top (aerial) view projection of swimmers as well as
the side view projection.

Analyzing and determining which body features have an effect on drag can help
coaches find out what body shape is the most suitable for swimming. Our analysis can also
influence the design of swim wear, compressing certain parts of the body to reduce drag.

We aim to quantify and analyze the effects of morphological factors on the drag coeffi-
cient and examine the case between male and female swimmers in a streamline position.

2. Theory

Fluid dynamics is the science of fluid motion and interaction. Therefore, understanding
fluid dynamics is crucial for this study.

The behavior of fluids is mathematically described using the conservation of energy,
momentum, and mass. For an incompressible fluid, the governing equations are as fol-
lows [19]:

ρgx −
∂P
∂x

+ µ

(
∂2u
∂x2 +

∂2u
∂y2 +

∂2u
∂z2

)
= ρ
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Dt

, (1)
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(
∂w2

∂x2 +
∂2w
∂y2 +

∂2w
∂z2

)
= ρ

Dw
Dt

, (3)

∇·V = 0 (4)

where t is time, x, y, and z are Cartesian spatial coordinates, ρ is density, g is gravitational
constant, µ is viscosity, P is pressure, V = {u,v,w} is the velocity vector, whereas u, v, and
w are its x, y, and z components, respectively. The first three Equations (1)–(3) are known
as the Navier–Stokes equations and describe the motion of fluid based on Newton’s 2nd
Law of Motion. The last Equation (4) is a form of the continuity equation, derived from the
conservation of mass.

Drag

Drag exists as a result of pressure differences created by objects moving through a
fluid. The pressure in the front of the moving object will be greater than the back, which
creates a resistive force. There are two categories of drag: passive and active drag. Passive
drag is resistance on a swimmer not in dynamic motion. For example, drag experienced by
a swimmer during a streamline push-off without imparting forward thrust is passive drag
force Dp:

Dp =
CdρAv2

2
(5)

Where A is the frontal area of the swimmer, v is the velocity of the swimmer, and Cd
is the drag coefficient of the swimmer. The drag coefficient is a dimensionless quantity
dependent on shape, surface area, surface roughness, and flow characteristics indicating
the level of hydrodynamic resistance [3].

Active drag is resistance on a swimmer considering both the resistive forces of the
water and the propulsive forces of the swimmer. Because the frontal area and drag coeffi-
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cient are constantly changing, calculating active drag is much more complicated [20]. To
reducing complexity, only passive drag is considered in this study.

There are three types of drag which make up the total drag: frictional, pressure, and
wave drag [3]. Frictional drag occurs at the boundary layer of the body, where the effects of
viscosity are significant. The roughness of the surface slows the flow and creates a resistive
force. Pressure drag is caused by a pressure difference between the front and rear of the
body and is dependent on the frontal cross-sectional area and the shape of the swimmer.
Wave drag is resistance from waves near the surface.

This study only considers frictional drag and pressure (form) drag, as at low depths,
wave drag is negligible [2,11,13,21].

3. Materials and Methods
3.1. Modeling the Swimmer

We consider two types of a 2D model of a swimmer: his/her side and top view. The
models of male and female swimmers in both views are created using Microsoft Paint 3D
software [22]. The same general model is used for each view (e.g., the side view female
and side view male models were both created from the same model) to ensure consistency
between the sexes. The models are drawn to match the average anthropometric measure-
ments and proportions of males and females [23,24] as shown in Table 1. Namely, the
arm length, leg length, torso length, hip depth and breadth, waist depth and breadth, and
chest depth and breadth are proportioned to ensure that the models accurately represented
typical male and female bodies, shown in Figures 1 and 2. Most notably, females have
larger chest depths, hip depths, and hip breadths, while males have larger chest breadths.
For analyzing certain body features and their effect on drag, the anthropometric measure-
ments of the models are changed in increments, which is explained in more detail in the
next section.

Table 1. Average Human Anthropometric Proportions (Percentage of Total Streamline Length)
(From [23,24]).

Leg
Length

(%)

Torso
Length

(%)

Arm
Length

(%)

Hip
Breadth

(%)

Hip
Depth

(%)

Waist
Breadth

(%)

Waist
Depth

(%)

Chest
Breadth

(%) 1

Chest
Depth

(%)

Male 48.55 22.41 29.03 14.27 10.20 13.55 9.87 17.22 10.53

Female 49.27 22.10 28.63 15.99 10.55 13.59 9.65 16.53 11.21
1 Measured from biacromial shoulder breadth.
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3.2. Resizing the Models

The models are initially sized such that the length of the female swimmer in streamline
is set to be 2.2 m, based on the average height of male and female swimmers competing in
the Olympics [25]. In order to ensure that size and height do not play an appreciable role in
determining differences in drag in the simulations [14], the 2D model of the male swimmer
is scaled down so that its streamline length is the same as that of the female swimmer:
2.2 m. The resizing is done while keeping the proportion of the body features the same.

3.3. Adapting and Importing the Models

Next an OpenCV algorithm [26] is used to trace the contour of the swimmers in
streamline, and to write the coordinates of the contour (displayed in Figures 3 and 4 in
green numbers) to a .txt file. The coordinates represent the points that define the shape of
the contour used to recreate the original outline. After adjusting to realistically represent
the swimmer and ensure the swimmers are in the same streamline position, the coordinates
file is imported into Ansys Fluent and turned into a 2D curve.
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3.4. Manipulating Anthropometry

To determine which and to what degree body features have an influence on the drag
coefficient, the female side and top view models are manipulated by changing shape in
several increments. Specifically, the hip region and chest/shoulder region are changed
independently and analyzed. According to Table 1, these regions showed the greatest
difference between sexes. Referencing Figures 1 and 2, the chest depth is calculated as the
distance from the back to the bottommost point of the chest. The hip depth is calculated
as the distance from the topmost point of the buttocks to the thigh. The hip breadth is
calculated from the topmost to bottommost point of the hip, and the chest/shoulder breadth
is calculated from the topmost to bottommost point of the trunk.

The chest and hip variables are changed relative to their original size (e.g., 5% increase
in chest depth from the original measurement). For the side view female, the hip depth
and chest depth are each changed by −10%, −7.5%, −5%, −2.5%, 0%, 2.5%, 5%, 7.5%,
10%. For the top view female, the hip breadth and chest breadth are also each changed
by −10%, −7.5%, −5%, −2.5%, 0%, 2.5%, 5%, 7.5%, 10%. These relative changes were
chosen to be within realistic human anthropometry. The hip and chest regions are changed
independently (e.g., the hip is changed while keeping the rest of the model unchanged).
The models are modified by manipulating the coordinates of the contours to obtain the
desired measurements.

3.5. Computational Fluid Dynamics (CFD) and Computational Setup

Computational fluid dynamics (CFD) is a branch of fluid dynamics that uses numerical
simulations to analyze and describe fluid flow and its interactions with solid bodies. The
solutions to the Navier–Stokes and continuity equations can be found with a numerical
solver to describe fluid behavior accurately and with detail. In this study, we use a CFD
solver to analyze flow around a generated 2D model of a swimmer. We employ the standard
k-omega turbulence model, as it was determined to be the best for capturing flow near the
swimmer [27].

For our solver we use the commercially available Ansys Fluent CFD software, which
uses the Finite Volume Method [28]. This is a well-established, thoroughly tested, and
highly reliable software that originated in 1980s [29]. It has been successfully used in
peer-reviewed studies by many researchers [30–32], including one of the authors of this
paper [33], who also used the related software FIDAP, now owned by ANSYS as well [34].

For simplicity, we simulate the gliding phase of the swim (no kicking, no hand motions)
in a coordinate system moving with the swimmer (or with a stationary swimmer in water
flowing around him/her). To simulate a standard swimming pool, the computational
domain is set up to be 8 m in length, and 1.83 m in depth. The water depth is in line
with similar past studies, which have used depths of 1.5 m, 1.80 m, and 2.00 m [2,8,11–13].
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The domain is then meshed the same for all simulations with finer mesh around the
swimmer and boundaries (using 1013 divisions for the swimmer surface, 213 divisions
for the inlet and outlet, and 356 divisions for the top and bottom surfaces, for a total of
25,055 cells), shown in Figure 5. To better capture flow around the swimmer, an inflation
layer is established maintaining y+ values below 50 (non-dimensional distance measuring
near-wall mesh resolution) on the surface of the swimmer [12].
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The top and bottom of the domain are walls, and the inlet is on the side of the
swimmer’s hands and the outlet is on the side of the swimmer’s feet. The swimmer is
positioned at the center of the computational domain at a depth of 0.915 m, and there
is interaction between the swimmer and the pool top and bottom. For the side view
perspectives, 2D simulations in the vertical plane, the domain is considered between the
surface and bottom of the pool with a slip condition (no sheer stress) on the top and no-slip
condition on the bottom walls. Due to negligible waves generated from gliding at the
considered depth, the slip condition should suffice to model the free surface effects. For the
top view perspectives, 2D simulations in the horizontal plane, the domain is considered
to be the middle lane with slip conditions on the walls along the direction of the flow.
Consequently, there are no free surface effects. For the wall condition of the swimmer,
a no slip condition, a roughness height of 0, and a roughness constant of 0.5 is used.
A convergence tolerance of 1.0 × 10−5 is also used.

3.6. Calculating Drag

The overall dimensions of the swimmer are needed for solving the 2D models. The
front of the swimmer is defined to be the view when the swimmer is facing the observer
and has the dimensions of width and depth.

The width and depth of the side view and top view models are determined to be
accurate with average anthropometric measurements [23,24].

The frontal area is necessary for calculating the drag force and coefficient. The reference
area, which is the frontal area inputted into the solver to calculate the drag coefficient from
the drag force based on Equation (5), is calculated as an ellipse with depth and width as
the ellipse axes:

Are f =
π

4
× depth× width (6)

This is done because it is more realistic than just multiplying the frontal dimensions.
For the side and top views, the width is set to be the distance between the top and bot-
tom most points/coordinates (as shown in Figure 4) of the swimmers. To complete the
normalization of the male and female models, we give the side view models the same
reference areas, and the top view models the same areas as well for the calculation of the
drag coefficient. Thus, this makes a reasonable approximation for a meaningful comparison.
Note that 3D modeling does not escape the issue of normalizing the male and female bodies.
A more precise normalization can be investigated in the future.

The measurements relevant to the overall dimensions are different between male and
female, resulting in different body shapes: the female chest depth is 6.5% greater than
the resized male chest depth, the male shoulder breadth is 4.2% greater than the female
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shoulder breadth, the female hip depth is 3.4% greater than the male hip depth, and the
female hip breadth is 11.2% greater than the male hip breadth.

The density of water is set to 998.2 kg/m3. The male and female models are tested
for fluid velocities of 1.0, 1.5, 2.0, and 2.5 m/s, which translates to the reasonable range of
Reynolds numbers from 200,000–1,000,000, considering biacromial shoulder width as the
characteristic length. The models with changed anthropometry are tested for a velocity of
2.0 m/s. At the speeds and depths considered in this study, wave drag would contribute
less than 5% of total drag and therefore is not considered [21].

These parameters are inputted into the solver for simulation.

3.7. Mesh Independence

To validate the results in this study, a mesh convergence test is performed. The
convergence is demonstrated on the side female model shown in Table 2 and Figure 6.
Because the results become independent for meshes with more than 25,000 cells, with
a percent change of less than 1% from medium to fine mesh quality, the medium mesh
resolution is used for the simulations to balance accuracy with computation time.

Table 2. Mesh Independence Study for Side View Female Model.

Mesh Quality Number of Cells Drag Coefficient Change (%)

Very Coarse 8173 0.2618 N/A

Coarse 17,515 0.2182 16.7

Medium 25,055 0.2149 1.5

Fine 36,696 0.2136 0.6
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3.8. CFD Validation

The CFD simulations are validated by reproducing two published studies [9,10],
measuring the drag coefficient of a cylinder, and comparing their results in Figures 7 and 8.
The validation cases are very close to published numerical results. Therefore, the code and
software are validated.



Fluids 2022, 7, 332 10 of 20

Fluids 2022, 7, x FOR PEER REVIEW 10 of 20 
 

 

Figure 7. Graph Comparing Drag Coefficient Results: Son et al. [9] vs. Validation. 

 

Figure 8. Graph Comparing Drag Coefficient Results: Yuce & Kareem [10] vs. Validation. 

4. Results 

4.1. Male and Female Comparison 

We simulate 2D models of male and female swimmers in Ansys Fluent software at 

varying velocities. We created Tables 3 and 4 comparing the average drag forces and co-

efficients and Figures 9 and 10 comparing the models at different velocities.  

Figure 7. Graph Comparing Drag Coefficient Results: Son et al. [9] vs. Validation.

Fluids 2022, 7, x FOR PEER REVIEW 10 of 20 
 

 

Figure 7. Graph Comparing Drag Coefficient Results: Son et al. [9] vs. Validation. 

 

Figure 8. Graph Comparing Drag Coefficient Results: Yuce & Kareem [10] vs. Validation. 

4. Results 

4.1. Male and Female Comparison 

We simulate 2D models of male and female swimmers in Ansys Fluent software at 

varying velocities. We created Tables 3 and 4 comparing the average drag forces and co-

efficients and Figures 9 and 10 comparing the models at different velocities.  

Figure 8. Graph Comparing Drag Coefficient Results: Yuce & Kareem [10] vs. Validation.

4. Results
4.1. Male and Female Comparison

We simulate 2D models of male and female swimmers in Ansys Fluent software at
varying velocities. We created Tables 3 and 4 comparing the average drag forces and
coefficients and Figures 9 and 10 comparing the models at different velocities.
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Table 3. Average Drag Coefficients of 2D Models.

Average Pressure Drag
Coefficient

Average Friction Drag
Coefficient

Average Drag
Coefficient

Male Side View 0.1399 0.07407 0.2140

Female Side View 0.1471 0.07369 0.2207

Male Top View 0.1306 0.05436 0.1849

Female Top View 0.1529 0.05218 0.2051

Table 4. Average Drag Forces of 2D Models.

Average Pressure Drag
Force

Average Friction Drag
Force

Average Drag
Force

Male Side View 17.05 9.152 26.19

Female Side View 17.84 9.123 26.96

Male Top View 15.36 6.639 22.00

Female Top View 18.08 6.382 24.46
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5. Discussion

The results reveal that there is a positive correlation between morphological factors
and drag, specifically hip and chest size, and that the male body type is more hydrodynamic
than the female body type.

5.1. Drag Coefficient and Drag Force Sex Comparison

The drag force and coefficient of a male scaled down to female size are noticeably less
than for a female. For the top view, the male drag coefficient on average is 10.1% lower than
the female drag coefficient. For the side view, the male drag coefficient is 2.8% lower than
the female drag coefficient. From the 2D simulations we conclude that a male swimmer is
likely to outperform a female swimmer.

We note that the top view drag coefficient for males is significantly lower than the
corresponding one for females, despite that the male frontal area is greater than the female
due to a proportionally large shoulder breadth by 4%. This proves that the male top
view has a more hydrodynamic shape and that the drag coefficient and “glide ability” is
dependent more on shape than on size [16]. The side view male drag coefficient is also
noticeably lower than the female drag coefficient. This can be attributed to both a larger
female cross-sectional area and a more streamlined shape for the male.

In all simulations, we observe that the pressure drag force contributes to most of the
total drag: on average 65.4% for side view male, 66.5% for side view female, 70.6% for top
view male, and 74.6% for top view female. The top view model results are consistent with
previous studies, which obtained percentages from 70–85% [7,13]. However, the side view
models had a lower contribution of pressure drag.

Considering the individual contribution of pressure drag, there is a clear and consistent
difference in sexes: the male models have lower pressure drag than females. However,
for the friction drag coefficient, the male models for both side and top view have higher
friction drag than the corresponding female models. The difference in drag between sexes
is primarily a result of pressure drag, and the discrepancy in friction drag only has a
small contribution.

There is a consistent trend between velocity and drag force: as velocity increases, the
drag force increases. On the other hand, the drag coefficient and velocity have an inverse
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relationship: as velocity increases, the drag coefficient slightly but consistently decreases.
These relationships agree with past works [11,13].

Reinforced using multiple perspectives in the 2D simulations, the results show that
the male body will experience less drag than the female body.

5.2. Anthropometry and Drag Coefficient Analysis

From the results of the simulations analyzing changes in body features, we conclude
that the chest and hip region have a significant impact on the drag coefficient: as the chest
and hip features increase in size, the drag coefficient increases as well. The graphs show
an upward trend in the drag coefficient with an increase in the relative size of the targeted
anthropometric measurements. Therefore, increasing hip or chest size, while keeping the
other anthropometric measurements the same, magnifies drag.

We note that the drag coefficients for varying hip breadth and chest breadth have
larger changes than for varying hip depth and chest depth: ranges of 0.20–0.26, 0.20–0.23,
0.17–0.23, and 0.17–0.28 for hip depth, chest depth, hip breadth, and chest breadth, re-
spectively. This suggests that the breadth of a swimmer has a greater effect on drag than
on depth. Referring to Figure 12, chest depth has a noticeably smaller influence on drag
than the other parameters, with an average rate of change of 2.03% in drag force per 5%
relative change. One plausible explanation is that the protruding head of the swimmer
acts as a “buffer” for the flow against the curvature of the chest. Nonetheless, the results
show that the chest depth changes still have significant effects on the drag. Drag because
of varying hip depth has an average rate of change of 5.66% in drag force per 5% relative
change. Hip breadth shows a relatively smaller average rate of change of 6.61% in drag
force per 5% relative change than chest breadth. Chest breadth has the largest effect, with
an average rate of change of 12.2% in drag force per 5% relative change. Similar for chest
depth, an explanation for this is that the width of the trunk cushions the flow against the
hip. These results are in line with past studies, which have shown experimentally that chest
circumference and breadth have a significant impact on passive drag [3,14].

Another major observation consistent across all anthropometric features is that the
drag coefficient changes taper off significantly as the relative size decrease. The positive
relative anthropometric changes (2.5%, 5%, 7.5%, 10%) show much greater changes in drag
coefficient than the negative changes (−2.5%, −5%, −7.5%, −10%). This suggests that
drag is more sensitive to higher curvatures. One explanation is that lower curvature does
not induce as much flow separation as increased curvature and irregular geometry [15].
Hence, any changes to a smaller curvature would have less of an effect on flow and
drag [11]. Another explanation is that the lower curvature would expose other body
features, increasing their impacts (e.g., the lower chest breadth would expose and increase
the impact of the hips; the lower hip depth would expose the back of the legs). The
less consistent trends in hip breadth, hip depth, and chest depth are likely because of
complicated flow from interfering geometry, namely the swimmer’s trunk, back, and head.

Overall, we conclude that hip and chest size have a positive correlation with drag
coefficients. In the context of sex comparison, these results explain why the male models
outperform the female models and have lower drag. For the side view, the larger hip and
chest depth contribute to the extra drag experienced by females. For the top view, while
males have proportionally larger shoulder widths than females, their significantly smaller
hip breadth lowers their drag. Past studies have shown that while chest circumference has a
positive correlation with drag, the chest-to-waist ratio has a negative correlation with drag,
meaning a higher chest-to-waist ratio, creating an “inverse triangular” shape, decreases
drag [13,14,16]. The “inverse triangle” is closer to the “droplet” shape, which is the most
hydrodynamic shape because it delays separation from the boundary layer because of its
tapered profile [7]. Therefore, the “inverse triangular” shape and a higher chest-to-waist
ratio are likely attributed to lowering the drag on male bodies [13,16].
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These relationships between anthropometry and drag point to the fact that the male
body shape is more hydrodynamic than the female body shape because of differences in
the hip and chest.

5.3. Flow Analysis

We now examine the flow behavior through velocity vector visualization. The flow
field for the female side view model simulated at a Reynolds number of 733,935, is shown
in Figures 15 and 16. The analysis shows that there is flow separation and circulation zones
in the regions around the neck and feet.
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5.4. Results Comparison

The overall drag forces obtained are close to, but lower than, the results from past
studies using 2D and 3D simulations [7,11,13]. This study obtained drag forces in the
range of 7.5–50 N for flow speeds of 1.0 to 2.5 m/s. The study in 2011 comparing different
streamline positions found drag forces in the range of 30–80 N for flow speeds of 1.6 to



Fluids 2022, 7, 332 17 of 20

2.0 m/s. Another study in 2015 analyzing differently shaped torsos found drag forces on
a range of 20–100 N for flow speeds of 1.2 to 2.2 m/s. A 2007 study comparing different
methods of calculating drag found drag forces ranging from 30–70 N for flow speeds of 1.5
to 2.25 m/s.

The drag coefficient results deviate from those of past studies done with 3D simula-
tions [7,13]. This study obtained coefficients in the range of 0.19–0.26. The 2015 study had
a similar range of 0.28 to 0.36. The 2007 study also obtained close results, with the drag
coefficient around 0.30 for flow speeds ranging from 1.5–2.25 m/s.

One explanation for the lower values is that the models are more streamlined than
those in previous works; there are smoother surfaces and less protruding geometry. The
lower values are also likely due to the inaccuracy of 2D simulations, which create unrealistic
frontal areas for the models (the 2D models cannot capture the nuances in the depth
“direction”) and miscalculate the drag force [5]. This study also does not simulate with the
top of the domain open to air, which can lead to different flow behavior. Nonetheless, this
does not impact the relative comparison between male and female drag.

The changes in drag because of anthropometric differences are like those found in [13].
We calculate from the 2015 study, which used 3D generated models of male swimmers, that
a 5% increase in frontal area (chest circumference) and a 4.2% increase in hip size caused
an average increase of 9.46% in drag force. In our study, a 5% increase in chest breadth
and chest depth led to an average increase of 12.2% and 2.03% in drag force, respectively.
A 5% increase in hip breadth and hip depth caused an average increase of 6.61% and 5.66%,
respectively. The higher increase in drag force in the 2015 study is likely because multiple
factors, hip size, waist size, and chest size, were changed simultaneously.

Overall, these results show that 2D simulations, while much simpler, can obtain
realistic results consistent with 3D simulations.

5.5. Differences in Drag on Swimming Performance

To consider how the changes in passive drag translate to performance at the com-
petitive level, we compare the results from this study with the drag reduction effects of
a swimmer wearing a fastskin suit, which is known to noticeably improve swim perfor-
mance. [35] found a 7.7% reduction in passive drag for a full body fastskin suit compared to
that of a normal suit. A later study determined that wearing a fastskin suit reduced passive
drag by 6.2% and 4.7% for full body and waist-to-ankle suits, respectively, when compared
to a normal suit [36]. The study also found that the overall performance improvement was
a 3.2% and 1.8% decrease in time for the full body suit and waist-to-ankle suits, respectively.
This supports a strong correlation between passive drag and swim performance found
in [37]. The difference in drag forces between males and females in this study, 2.8% and
10.1% for side and top views, respectively, are comparable to the difference in drag forces
between swimmers wearing fastskin suits and those that are not. Therefore, this suggests
that the male body type has a significant performance advantage over the female body type.

6. Conclusions

We analyzed the impact of anthropometric features, specifically hip and chest size, on
drag and compared 2D models of male and female swimmers. The simulations show that
the morphology of a normalized male body results in a more hydrodynamic profile than
that of a female body, showing differences of 2.8% and 10.1% in drag, and determine that
hip and chest size play significant roles in drag, with a large 12.2% change in drag per 5%
change in chest breadth. These drag differences between males and females are proven to
be significant for performance by comparing them to drag differences of 6.2% and 7.7%
between fastskin and normal suits. These results contribute to the body of knowledge in
human engineering and biomechanics. This study has shown that purely from a body
structure standpoint, swimmers with a male body type have an advantage over swimmers
with a female body type. Additionally, this difference, again, is comparable to the difference
in drag forces between swimmers who do wear fastskin suits and those who do not.
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This study builds on other related works by using computational fluid dynamics
(CFD) to analyze in detail the fluid behavior around swimmers with varying body shapes,
offering a more theoretical approach. It provides a more in-depth analysis by quantifying
how changing different morphological features affects drag. It also simulates a top view
projection, adding a different perspective to 2D simulations, which reinforces the results.
The benefits of our approach are its simplicity and effectiveness. It builds a solid foundation
for future investigation in the application of CFD to competitive swimming.

Future Research

Several changes/additions can be made for improvement. In the future, athletic body
morphology should be considered; this study uses the morphology based on average
statistics, so it does not give an ideal representation of a swimmer body. Future works may
analyze how other morphological factors, such as chest-to-waist ratio, hip-to-waist ratio,
and arm/leg/torso length, affect drag. Other additions/changes include the consideration
of active drag, which involves body movement of the swimmer. Free-surface effects and
analysis of wave drag [21] can also be considered. To study a realistic pool environment,
the wave interaction between multiple swimmers should be examined [38]. Furthermore,
studies can use 3D models for more accurate simulations, as opposed to 2D. This study
uses unstructured grids for numerical simulation; future studies simulating fluid flow with
a deformable body (i.e., simulating moving limps and skin deformation) should use the
immersed boundary method [39,40]. Comparing the energy cost of swimming for males
and females, in addition to body structure, is another consideration to advance the field of
human swimming. Finally, while this study and many others perform CFD simulations on
unstructured grids, an alternative venue is the immersed boundary method. This technique
proves to be viable for flexible and deforming structures, applicable to dynamic motion of
swimmers that can be explored in future research [39,40].

These results can influence the future design of swimwear to minimize drag and help
coaches, swimmers, and researchers find the ideal swimmer body type.
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