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Abstract

This study explores biomimetic surface dimpling as a passive aerody-
namic strategy for sustainable vehicle design. Inspired by natural flow
control mechanisms, a 1:30 scale car model was developed with varying
dimple depths (1.25, 2.5, and 5 mm) and placements (top, side, bottom).
Ten high-precision SLA 3D-printed prototypes were tested in a custom-
built subsonic wind tunnel at 2.7 m/s, with lift and drag forces measured
using calibrated load cells and validated through computational fluid dy-
namics (CFD) simulations. We observed that side-mounted dimples with
a 2.5 mm depth achieved optimal performance, reducing aerodynamic
drag by approximately 25% compared to the smooth control model. CFD
visualizations confirmed coherent streamwise vortices that delayed flow
separation and enhanced pressure recovery, demonstrating the effective-
ness of this mechanism. As a zero-energy passive modification, this ap-
proach directly supports UN Sustainable Development Goals 7 and 9 by
improving energy efficiency and reducing emissions. The findings establish
a scalable, nature-inspired framework for advancing vehicle aerodynamics,
offering immediate applications for both electric and conventional vehicles
in achieving sustainable mobility.
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1 Introduction

During a golf training session, it was discovered that the dimples on the golf
ball greatly affect its flight trajectory. The dimples on the ball’s surface appear
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to play a critical role in extending its flight distance and controlling its spin and
curvature. To verify this observation, the dimpled outer layer was removed to
reveal a smooth-surfaced ball for testing; the results were striking. Both the
backspin rate and flight distance dropped dramatically, demonstrating that the
dimples significantly influence aerodynamic behavior.

This unexpected outcome raises a broader question in fluid dynamics and
engineering design: could similar surface structures be applied to vehicles to re-
duce aerodynamic drag and improve energy efficiency? As global transportation
accounts for a major share of energy consumption and carbon emissions, even
a small reduction in drag can meaningfully contribute to sustainable mobility.

Therefore, this study investigates how the depth and configuration of surface
dimples affect the drag coefficient of a small-scale vehicle model (Figure. 1). It
is hypothesized that a moderate dimple depth will induce micro-turbulence that
delays flow separation, thereby lowering the drag coefficient without requiring
any additional energy input. This research aims to integrate biomimetic surface
engineering principles into passive aerodynamic strategies that support energy-
efficient and sustainable transport design.

2 Literature Review & Theoretical Framework

2.1 Aerodynamics of normal cars

As a car moves forward, air strikes the front bumper, slows down, and forms
a high-pressure stagnation point before splitting to travel over and around the
body. Along the car’s smooth surfaces, a thin boundary layer develops (Kaushik
et al., 2018). Initially, this boundary layer is laminar, but as the air flows over
rougher surfaces, such as the windshield or roof, it can transition to turbulent
flow. As the airflow continues and encounters sharp angles or an adverse pressure
gradient, particularly near the rear window or trunk, it may no longer remain
attached, leading to flow separation. This detachment creates a turbulent wake
of low pressure behind the vehicle, producing most of the aerodynamic drag
that resists forward motion (Tarakka et al., 2023; Mat et al., 2025). To reduce
drag and improve fuel efficiency, various control methods are being explored,
including the use of dimples.

2.2 Biomimetic dimpling

The inspiration for using dimples comes from the passive flow control of golf
balls. A golf ball typically travels at speeds high enough to reduce its drag to
approximately half that of a smooth sphere. This favorable reduction in drag is
due to the dimples on the golf ball’s surface, which trigger the boundary layer
to transition from laminar to turbulent flow (Alam et al., 2011). This transition
to turbulent flow within the boundary layer allows the air to remain attached to
the surface for a longer distance around the golf ball, delaying flow separation
and thereby reducing the size of the low-pressure wake behind it. As a result,
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Figure 1: Experiment workload.
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the pressure drag acting on the ball is significantly decreased, improving its
aerodynamic efficiency and allowing it to travel farther.

Dimples are a passive flow control method involving techniques centered
around adding supplementary structures to the body or making slight modifi-
cations to the body’s geometric shape (Ali et al., 2024). Using the same logic
as a golf ball, they create turbulence that enhances near-wall momentum ex-
change, delays flow separation, reduces wake size, and thereby reduces pressure
drag. These effects are typically quantified by a decrease in drag coefficient (Cd)
and an increase in lift-to-drag ratio (L/D). Incorporating dimples on a stream-
lined object like an airfoil may help delay flow separation and minimize wake
size, thereby reducing pressure drag, but it could potentially result in increased
friction drag, presenting a trade-off.

This investigation is motivated by a fundamental biomimetic principle ob-
served in nature: the use of controlled surface roughness for drag reduction, as
exemplified by the golf ball. The aerodynamics of a golf ball are well understood;
its dimples reduce drag by promoting boundary layer transition, which delays
flow separation and shrinks the low-pressure wake (Alam et al., 2011). This
principle is not merely an isolated sports curiosity but is recognized as a canon-
ical case of biomimetics, demonstrating how morphological design can optimize
fluid dynamic performance (Obayashi et al., 2007). While preliminary studies
have explored the feasibility of applying dimples to commercial vehicle surfaces
(Palanivendhan et al., 2021), a comprehensive understanding of the synergistic
effects of dimple location and depth remains limited. Therefore, this study aims
to refine and apply this bio-inspired principle through a systematic parametric
investigation, seeking an optimal configuration for vehicle drag reduction.

2.3 Dimples on aircraft and engineering

It has been shown that dimples can effectively reduce drag by up to 6.6%
at all angles of attack when employed on aircraft wings. Additionally, research
has indicated that an outward dimple structure is ineffective for reducing the
drag coefficient under any circumstances. Therefore, a decision was made to
avoid using an outward dimple structure and to implement an inward dimple
structure instead (Ali et al., 2024). Furthermore, it has been demonstrated
that the lift coefficient can be enhanced by dimples at most angles of attack,
even reaching 3.87 at certain angles (Kaushik et al., 2018). However, despite the
benefits dimples can provide, most aircraft today do not incorporate them. This
may be due to the fact that under varying conditions, such as air pressure, flow
velocity, and dynamic viscosity, the Reynolds number for the aircraft changes,
which in turn alters the effects of the dimples. Consequently, if dimples are to
be fully employed on aircraft, their design would need to be adjusted for each
flight to correspond to the specific Reynolds number (Yu et al., 2023).
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2.4 Dimples on ground vehicles and sustainable goals

Research has also been conducted on the effects of dimples on ground vehicles
such as bullet trains and cars. For example, studies have examined the impact
of dimples on the drag coefficients of cars. By exploring various factors related
to the dimples, such as depth and location, it has been shown that the drag
coefficient of cars decreases to a certain degree overall, regardless of how the
features of the dimples are altered (Shaw et al., 2020). Furthermore, research
has demonstrated that dimples on cars can also reduce lift coefficients, which is a
desired outcome for vehicle performance (Ballerstein & Horst, 2023). However,
their findings contradicted those of Kaushik et al. and Shaw et al., so whether
dimples actually produce lift will need to be investigated further in additional
experiments. Overall, despite the benefits that dimples can provide for cars,
their effects are too minimal for practical implementation. This may be due to
costs or the potential discomfort they could cause.

Even if the improvements are small, applying simple technology directly
supports sustainable transportation goals. Reducing drag by just a few percent
translates to significant fuel savings and lower CO2 emissions across millions
of vehicles, supporting SDG 7 (Affordable and Clean Energy) and SDG 13
(Climate Action). Improved aerodynamic efficiency also contributes to SDG
9 (Industry, Innovation, and Infrastructure) by promoting cleaner engineering
innovations that optimize energy use without requiring additional materials or
power. Moreover, research on textured surfaces can be integrated into electric
vehicle design, extending battery range and reducing the frequency of charging,
further enhancing energy efficiency and sustainable urban mobility.

3 Methods

3.1 Building a model car

As the test subject, a generic commercial car was built using Autodesk
Fusion software (Figure. 2), resulting in a roughly 1:30 scaled-down model, which
is commonly used for wind tunnel testing of ground vehicles (Li et al., 2021;
Kacem & Abdullah, 2016). By adjusting the proportions of the vehicle, each
area can accommodate 67 or 68 dimples to control the affected area of localized
turbulence. After creating the shell of the car, the model is imported into
Blender software to add depth and volume to the shell. In total, 10 models
were produced (Figure. 3): a control model without dimples and 9 others, each
with different dimple depths (1.25 mm, 2.5 mm, 5 mm) and locations (top, side,
bottom), as different locations and depths of dimples can have varying effects
on airflow (Ali et al., 2025).

The dimples were created using the Autodesk Fusion model by forming a
large mesh grid of 0.5 cm cells across the desired surfaces and dragging a vertex
bounded by four cells downward to the desired depth. This results in a hybrid
dimple with V-shaped and semi-circular elements and rounded edges (Figure. 4);
however, as the radius of the dimples remains constant, the slope of the sides
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Figure 2: (A) Top profile of the model car (B) Bottom profile of the model car
(C) Side profile of the model car.
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Figure 3: (A) Car models with top-surface dimpling (B) Car models with
bottom-surface dimpling (C) Car models with side-surface dimpling.

increases with depth. The choice of V-shaped and semi-circular hybrid dimples
instead of circular ones, like those on a golf ball, is due to the fact that golf balls
typically experience normal airflow, where the airflow hits directly onto the ball
and only small turbulent pockets are needed. In contrast, cars usually encounter
tangential flow, where air slides along the body and surface. For this kind of
streamlined, attached flow, a more controlled and directional vortex helps the
air stay attached longer and reattach smoothly at the back. V-shaped dimples
have proven to reduce drag at near tangential airflow, which is the primary type
of airflow when cars are in motion (Chullai et al., 2019). Furthermore, circular
dimples have also been shown to reduce drag under all conditions (Ali et al.,
2024; Kaushik et al., 2018; Shaw et al., 2020). Additionally, the compound-
shaped dimple design has been demonstrated to be more effective for cars, as it
provides a smaller lift coefficient and L/D ratio (Paul et al., 2019). Therefore,
by combining the features of V-shaped and circular dimples, overall performance
could be enhanced.

Using dimple depths of 1.25 mm, 2.5 mm, and 5 mm provides a useful param-
eter sweep that spans from shallow (small perturbation) to moderate (stronger
vortex generation) to deep (maximal disturbance). This allows for the detec-
tion of linear or non-linear trends in drag response, identifies an optimum, and
checks for thresholds where negative effects, such as excessive skin friction drag,
may arise. By placing these dimples in diagonal rows rather than in vertical or
horizontal arrangements, airflow does not encounter perfectly aligned rows of
disturbances. Instead, each dimple interacts differently, generating a series of
staggered swirling vortices that move downstream along the car’s surface rather
than across it. Furthermore, when dimples are arranged in straight rows, the
airflow tends to become trapped in the grooves between the rows, creating bands
of alternating turbulent streaks. Diagonal arrangements also promote vortices
that turn slightly sideways, creating cross-flow mixing that evens out velocity
and pressure gradients.

To physically produce the models for wind tunnel testing, high-precision
photocuring (SLA 3D printing) was used instead of conventional fused deposi-
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Figure 4: (A) Side profile of a dimple with a depth of 5 mm (B) Side profile of
a dimple with a depth of 2.5 mm (C) Side profile of a dimple with a depth of
1.25 mm.
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tion modeling (FDM) or other extrusion-based methods. Photocuring provides
a smoother, more precise outcome, which can greatly affect aerodynamics if not
achieved. Since geometric errors can greatly impact the results of the testing,
the margin of error was set to ±0.01 mm, ensuring that there are no layer lines
that may produce uncontrolled turbulence.

3.2 Wind tunnel

The wind tunnel created is based on a subsonic wind tunnel design that in-
cludes a compressor/intake, a test section, and a diffuser/exhaust. An open-loop
design was chosen instead of a closed-loop design to lower construction costs and
complexity, as less material is required to maintain airflow. It also has a supe-
rior air inlet compared to closed-loop wind tunnels since its air supply is drawn
from the external environment, ensuring a continuous flow of air. Additionally,
it prevents the accumulation of exhaust products, which can interfere with mea-
surements (Mangrulkar et al., 2019). The wind tunnel comprises three sections:
the intake/compressor, the test section, and the exhaust/diffuser. The converg-
ing shapes of the exhaust and intake increase air velocity and reduce large-scale
turbulence, creating a more uniform and laminar flow profile. The 17-degree
angle provides a steep enough contraction to generate acceleration and pres-
sure recovery while preventing boundary layers along the walls that may cause
uneven flow. The test section features two mesh screens that straighten and
smooth airflow before it reaches the model. Using two 0.5 cm mesh screens dis-
sipates irregularities in airflow that may have been caused by uneven surfaces
or external factors. The first layer of mesh disrupts and dissipates larger eddies,
breaking them into smaller ones that can be further attenuated by the second
mesh screen. After the mesh screens, a honeycomb structure composed of 6 cm
straws forces air to move in the axial direction, which reduces turbulence inten-
sity. The honeycomb structure has very high porosity, resulting in less pressure
drop or energy loss while still preventing crossflow and swirls. This creates an
even velocity field, ensuring that any changes in drag or lift are due to the model
rather than irregularities in the airflow.

For the fan intake system, four 110V axial fans connected in parallel were
used, each maintaining a spin rate of 2700 rpm and moving 112 CFM of air to
increase the total volumetric flow rate. By placing the fan after the exhaust,
the system pulls air into the test section instead of pushing it, utilizing negative
pressure to draw air more uniformly. This arrangement ensures that the flow
entering the section is evenly distributed across the model while preventing
backflow and acoustic interference, leading to more accurate and controlled
testing conditions.

3.3 Force balance

A force balance is essential in a wind tunnel experiment to accurately mea-
sure the aerodynamic forces acting on a model, such as lift and drag. It converts
these physical forces into measurable electrical signals that can be recorded and
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Figure 5: Force balance design diagram.

analyzed. Without a force balance, quantifying how air interacts with the ob-
ject’s surface would be impossible. By capturing these precise measurements,
researchers can evaluate the model’s aerodynamic performance, compare de-
signs, and optimize shapes for efficiency and stability.

The force balance circuit consists of two SparkFun 220 load cells with a
10 kg load limit, two HX711 analog-to-digital converters and amplifiers (the
HX711 serves both roles), and an Arduino Uno board to quantify drag and
lift during the experiment. The load cells are 1.2 × 1.2 × 7.5 cm aluminum
cuboids with strain gauges built into them, so that when pressure is exerted on
one side, the load cell generates a small signal swing proportional to the force
applied. However, load cells only measure force in one dimension; therefore,
to measure both lift and drag, two load cells are required. Furthermore, load
cells are typically paired with HX711 amplifiers because the signal swings are
too small for computers to detect. The HX711 amplifies the signal swing and
converts the analog signal to digital. The Arduino Uno board acts as a central
processing unit, sending the signal results to the computer. The programming
for the circuit is done using the Arduino IDE (Figure. 5).

The actual force balance structure is assembled using 3D-printed frames,
with each load cell secured along the x-axis and y-axis to measure lift and
drag, respectively. A string is attached to the end of the load cell frames and
extends into the wind tunnel, where it connects to the car. As the car moves, a
corresponding force vector, which can be separated into lift and drag, is applied
to the load cell, generating an appropriate signal swing that can be detected by
the computer (Weakly et al., 2024).

Before assembling the actual force balance, it is necessary to calibrate the
load cells. Calibration is essential because, although the strength of the signal
swing is proportional to the force applied, the relationship between the sig-
nal swing and the force is unknown and varies for each load cell. Calibration
involves placing a known mass or exerting a known amount of force on the
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load cell, recording the reading, and using the formula Calibration Factor =
reading of the load cell

Known mass/known force to determine the calibration factor. Finally, the calibra-

tion factor is inserted into the code so that every time an electrical signal is
generated, it is multiplied by this factor. By calibrating the load cell, the read-
ings obtained will be in grams or newtons, depending on the unit used for the
conversion of the original reading of the cell.

3.4 Computational fluid dynamics (CFD) analysis

For CFD analysis, Autodesk CFD is used to simulate fluid dynamics and
obtain data for comparison with real wind tunnel results. The parameters of
the wind tunnel in the CFD simulation are approximately the same as those of
the observation box, which measures around 20×20×50 cm. The wind speed is
also equivalent to that of the real wind tunnel, at 2.7 m/s. Furthermore, the
conditions used are standard temperature and pressure (1 atm and 26 degrees
Celsius). Additionally, CFD provides detailed insights into how airflow interacts
with the car body and reveals the wind speed distribution on a plane when
the wind strikes the car. By using CFD, a better understanding of the fluid
dynamics differences between dimpled vehicles and conventional car bodies is
achieved.

3.5 Reynolds number

The Reynolds number (Re) is calculated using the equation Re = ρuL
µ , where

ρ = fluid density (kg/m3), u = flow velocity (m/s), L = characteristic length
of the object (m), and µ = dynamic viscosity of the fluid (Pa·s). Re indicates
whether the flow will be laminar or turbulent. Every flow (e.g., water flow,
air flow) has a critical Re that serves as the boundary between turbulent and
laminar flow. When Re exceeds the critical value (commonly 2300, used as a
standard when not measured during pipe testing), the flow becomes turbulent
and is characterized by disturbed airflow. The higher the Re, the more turbulent
the flow becomes. Conversely, when Re is below the critical value, the flow is
laminar, exhibiting smooth and undisturbed characteristics; the closer Re is to
zero, the more the flow approaches perfect laminar flow. A simple example
of laminar and turbulent flow is running tap water: when the flow is laminar,
the stream is transparent and smooth, indicating that Re is below the critical
value. In contrast, when the flow is turbulent, it becomes translucent and rough,
indicating that Re is above the critical value (Saldana et al., 2024). Although
dimples do not directly impact Re, they can have varying effects under different
types of flow that correlate with Re. Re is important to the experiment because
it depends on the size of the vehicles; thus, using smaller models results in a
smaller Re compared to real cars. Consequently, the flow behavior in the models
may differ from that of real cars. To ensure that the dimples would be effective
on real cars, Re must be maintained at a value close to that of real cars (Gattere
et al., 2022).
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Figure 6: Wind tunnel: effect of dimple location and depth on drag force.

4 Results

The results of the drag forces within the wind tunnel at a wind speed of 2.7
m/s show how each combination of location and depth affects drag (Figure. 6).
It is evident that the control model has significantly higher drag forces compared
to those with biomimetic dimpling, confirming that smooth surfaces promote
larger flow separation zones behind the model, resulting in higher drag. Models
with dimpling at the top exhibit a consistent drag force across all dimple depths
but still noticeably lower drag forces than the control model. This indicates that
once the boundary layer at the top transitions to turbulence, further deepening
of the dimples offers diminishing returns. The top dimples primarily interact
with the freestream air that travels fastest due to stagnation at the car’s lead-
ing edge. The increased attachment of airflow to the car’s surface raises skin
friction, offsetting the overall drag reduction effect. In models where dimples
were located on the sides, the effect was most significant at the 2.5 mm depth,
where drag dropped to a third of the drag force of the control model. This
also indicates an optimal dimple depth: if the dimples are too shallow, there
isn’t enough vortex recirculation, and if they are too deep, they overly disturb
the boundary layer, causing early re-separation. Conversely, when the dimples
were located at the bottom of the vehicle, the effects were less consistent. This
may be explained by the low-pressure flow beneath the model, where airflow
is constrained by the model and the tunnel floor, forming a highly turbulent
region. Furthermore, gravitational effects reduce the time the air spends in con-
tact with the dimples, limiting the benefits of vortex generation and increasing
skin friction drag.

The data also show that dimples affect vertical pressure distribution (Fig-
ure. 7). Using the control model as the baseline for the amount of lift generated,
there is an increase in lift when the dimples are placed on the top. This is due
to the airflow moving faster at locations with dimpled surfaces, creating a lower
pressure zone at the top of the car, which increases the pressure difference and
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Figure 7: Wind tunnel: variation of lift force with dimple location and depth.

generates lift. In contrast, when the dimples are located at the bottom, the lift
force is inconsistent due to the more turbulent airflow near the bottom. When
the dimples are placed at the bottom with a depth of 2.5 mm, they generate
downforce, likely due to a decrease in the pressure gradient as air moves faster
along the bottom, creating a lower pressure that matches the top. When the
dimples are placed on the sides, they have a more balanced effect, redistributing
lateral airflow without significantly affecting lift. However, there is an anomaly
with side dimples at a depth of 2.5 mm, where there is a significant increase in
downforce.

The mean velocity results from the CFD further show how the placement and
depth of dimples affect airflow behavior along the surfaces (Figure. 8). When
the dimples are placed on the sides, there is a clear optimum at 2.5 mm. This
pattern indicates that moderate-depth dimples on the sides create the most
effective streamwise vortices, pulling higher-energy air from the freestream into
the near-wall region and thereby thinning the boundary layer. When the dimple
depth is either deeper or shallower than the optimum, there is a decrease in the
mean velocity of the airflow. This may be due to insufficient vortex generation in
the shallow dimples and excess skin friction drag, which can lead to dissipative
effects. In contrast, if the dimples are placed at the bottom, the effects are
lowest at 2.5 mm but overall have the least impact. This may be attributed to
the close proximity of the surface to the ground and lower dynamic pressure,
which limits vortex generation and makes the results more inconsistent. Aside
from the anomalous 50 cm/s mean with the top 1.25 mm dimples, it shows
similar but slightly lower results than the side dimples.

The pressure contours from the CFD simulation illustrate how dimpling af-
fects airflow and influences skin friction and pressure drag (Figure. 9). The top
dimples display a consistent decline in pressure as depth increases: around 2900
Dyne at 1.25 mm to just under 2500 Dyne at 5 mm. This steady reduction
implies that deeper top-surface dimples cause greater flow disruption, leading
to localized low-pressure zones and potentially earlier separation. Since the top
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Figure 8: CFD analysis: variation of mean airflow velocity with dimple depth.

Figure 9: CFD analysis: variation of surface pressure with dimple depth.

region experiences faster airflow and higher dynamic pressure, excessive surface
disturbance increases turbulence intensity without improving wake pressure re-
covery. The bottom surface tends to remain stable at all depths, suggesting
that the depth of dimples on the bottom of the vehicle contributes minimally
to pressure recovery. When the dimples are placed on the sides, there is an
optimum for pressure recovery at 2.5 mm, where it is significantly higher than
at other locations and depths. This is likely due to an optimal balance between
boundary layer re-energization and minimal flow disruption. At this depth,
the vortices are more controlled and delay separation, contributing to a smaller
wake and lower overall drag effects.

In this comparison between the control model and the model with side dim-
ples of 2.5 mm depth, it is evident that there is a smaller wake at the rear of the
car, indicating a reduced pressure gradient due to improved pressure recovery
(Figure. 10). This demonstrates the effect of biomimetic dimpling on wake size
and airflow reattachment, significantly improving the vehicle’s aerodynamics
and reducing drag.
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Figure 10: Images from CFD streamline showing the difference in wake size:
(A) Control model (B) Side-surface dimpling 2.5 mm.
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Figure 11: Diagram of airflow velocity on the roof of a car: (A) Control model
(B) Top-surface dimpling 2.5 mm.

In this comparison of velocity magnitude contours between the control model
and the model with top dimples of 2.5 mm depth, it is clear that the dimples
create a turbulent boundary layer, resulting in irregularities in airflow along the
surface (Figure. 11). In the control model, the airflow is smooth and laminar,
leading to early detachment and separation from the surface, while the dimpled
surface has a later separation point, reducing the wake and ultimately decreasing
drag.

Overall, the comparison between the wind tunnel tests and the simulations
shows strong qualitative agreement, confirming the reliability of the numerical
model and the aerodynamic principles behind the dimple design. Both sets of
results indicate that the model with a side dimple depth of 2.5 mm represents the
optimal configuration. This setup produces the lowest drag while maintaining
the greatest stability in lift, with controlled vortices that energize the boundary
layer and promote smoother reattachment of airflow behind the car.

5 Discussion

5.1 Anomalies in the experiment

Certain anomalies have been found in the findings, including a sudden in-
crease in downforce for side 2.5 mm dimples. This increase in downforce may
be a result of pressure redistribution or measurement error. V-shaped and
semi-circular hybrid dimples along the side may create small streamwise vor-
tices that spiral along the car’s surface, pulling high-energy air from the top
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to the sides, reducing pressure at the upper surface and generating local suc-
tion that increases downforce. Another possibility is an experimental error. At
low Reynolds number regimes, small changes in geometry or experimental setup
lead to disproportionately large effects on turbulence transition. To verify which
theory is accurate, referring back to CFD simulation results allows for a bet-
ter understanding of the anomaly. In the CFD, side 2.5 mm dimples have an
approximate downforce of 0.74 N, while side 1.25 mm dimples only have a down-
force of 0.13 N. This validates the aerodynamic explanation for this anomaly,
where the V-shaped and semi-circular hybrid dimples hit an aerodynamic sweet
spot, energizing the boundary enough to prevent detachment and maintain a
smoother downward flow that increases stability and pressure differentials.

Another anomaly found in the findings was a sudden spike in the mean ve-
locity of the top 1.25 mm dimples within the CFD simulation. It is possible
that strong local jetting or flow channeling may create an increase in mean ve-
locity, but such a large spike usually indicates a measurement error. A plausible
explanation for this anomaly is that the simulation captures an instantaneous
snapshot of the mean velocity within the wind tunnel, possibly reflecting a
transient peak and causing the sudden spike.

5.2 Practical and engineering applications

The findings have important applications for future automotive aerodynamic
design. Reducing drag on vehicles not only decreases fuel consumption in gas-
powered cars but also increases efficiency in future electric vehicles. The extent
to which these drag reductions benefit the vehicles can be translated into real-
world impacts. For example, if side dimples with a depth of 2.5 mm, which
reduce drag by up to 25%, were to be produced and computed with the corre-
sponding Cd, along with geometric scaling caveats, the estimated energy savings
for a standard car can be calculated using the formula P = FDV = 1

2ρCdAV 3.
A slight reduction in Cd results in cubic speed-amplified savings, which is com-
pelling for long-distance travel and EV range extension.

The findings also demonstrate that full-body dimpling is not required to
achieve maximal benefits in drag reduction. Implementing dimples in specific
locations where flow separation is most pronounced may yield a far greater cost-
to-benefit ratio. Integrating V-shaped and semi-circular hybrid dimple textures
into vehicle surfaces is increasingly feasible with modern automotive manufac-
turing technology. The dimples can be implemented using various methods,
including automotive metal stamping. This technique is a high-speed manufac-
turing process that uses hydraulic or mechanical presses to mold metals into pre-
cise, complex vehicle components like body panels. This method is efficient and
can be performed in mass production, allowing for large outputs for commercial
car use. However, producers must also address durability challenges. Dim-
ples, especially those with sharper geometries like V-shaped and semi-circular
hybrids, may accumulate dust, ice, and water over time, degrading both aero-
dynamic and aesthetic performance. To combat this challenge, surfaces should
incorporate hydrophobic coatings and self-cleaning technologies, such as nanos-
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tructured materials, to repel debris. Additionally, they must withstand harsher
erosion since dimples generate higher skin friction drag, which may cause parts
to wear out faster.

5.3 Limitations of the experiment

While this experiment shows promising data for future automotive engineer-
ing, there are certain limitations that may influence real-world applications.
Firstly, the car model is a scaled-down version, leading to lower Reynolds num-
bers that alter flow transition points compared to full-sized cars, where airflow
behaves more viscously, with a thicker boundary layer and an earlier transi-
tion from laminar to turbulent flow. In this experiment, the Reynolds number
is 2.7 × 105 for the wind tunnel and 3.5 × 105 for CFD, while in real life,
the Reynolds number for cars is around 1 × 106 to 3 × 106 (Keiyinci et al.,
2024). As a result, flow separation, vortex formation, and wake characteristics
may behave differently under full-scale conditions. At low Reynolds numbers,
dimples induce turbulence prematurely. At higher Reynolds numbers, they
more effectively re-energize the boundary layer, reducing the wake region. This
means that the drag reduction observed in the scaled-down model is qualita-
tively valid, but exact quantitative improvements cannot be fully determined
without high Reynolds number simulations. Secondly, the model used was de-
signed as a generalized commercial vehicle rather than a detailed reproduction
of a specific model. The shell features mostly flat and planar surfaces rather
than the complex curvatures and designs of modern vehicles. Real cars have
curves that help ensure a smoother transition and reduce flow separation. The
flat-sided model creates sharp edges that may exaggerate separation points that
might not exist in full-scale models. The simplification was intentional to al-
low for consistent dimple placement and eliminate other confounding factors,
but it inevitably alters the flow physics. Therefore, while the model provides
insights into how localized turbulence affects the aerodynamic performance of
a car, the actual drag coefficients are not representative of a real automobile
body. Lastly, although the wind tunnel testing and CFD testing were used for
cross-validation, they produce inherent uncertainties. In the sting, turbulence
modeling assumes isotropic turbulence, which may not accurately reproduce the
small-scale anisotropic turbulence present in the wind tunnels.

6 Conclusions & Future Work

6.1 Research conclusions: advancing sustainable mobility
through biomimetic engineering

This study successfully validates the critical role of biomimetic dimple tech-
nology in vehicle aerodynamic optimization, providing an innovative solution for
sustainable transportation. Through systematic parametric analysis, we have
identified that side-mounted dimples with a 2.5-mm depth deliver optimal drag
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reduction performance, achieving a 25% reduction in resistance. This finding
carries significant implications for sustainable development:

First, as a passive energy-saving solution, this technology enhances energy
efficiency without the need for external power input, perfectly complying with
the objectives of SDG 7, “Affordable and Clean Energy.” For electric vehicles,
this translates to an extended driving range with the same battery capacity, ef-
fectively alleviating range anxiety. For conventional vehicles, it directly reduces
fuel consumption and carbon emissions.

Second, our “localized optimization” design philosophy embodies the prin-
ciple of resource minimization. By applying dimples only to critical areas, we
achieve significant benefits while avoiding the resource consumption associated
with full-vehicle modifications, making it highly compatible with circular econ-
omy principles.

Most importantly, this technology provides an immediately feasible transi-
tion solution applicable to both new vehicle manufacturing and existing vehicle
retrofitting, enabling conventional fleets to improve energy efficiency right away
and contributing substantially to the low-carbon transition of the transportation
sector.

6.2 Future perspectives: building a technical roadmap for
sustainable transportation

To translate research findings into tangible sustainability benefits, we pro-
pose the following development pathway:

• Establishing a Life Cycle Assessment Framework

Next-phase research will employ carbon footprint tracking and energy in-
vestment return analysis to precisely quantify the environmental benefits of
dimple technology across manufacturing, usage, and recycling stages, ensuring
a positive net sustainability outcome.

• Developing Green Manufacturing Processes

We will explore the use of recycled materials and low-carbon processes to pro-
duce dimple structures while investigating integration solutions with lightweight
vehicle bodies to minimize environmental impact at the source.

• Promoting Cross-Sectoral Integration Applications

Future work will investigate the technology’s potential applications in public
transportation systems, including electric buses and freight trucks, to expand its
decarbonization impact. Concurrently, we will explore synergistic effects with
other clean technologies, such as solar roofs.

• Developing Policy Promotion Models
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We will establish carbon reduction benefit prediction models to provide a
scientific basis for governments formulating vehicle efficiency standards and sub-
sidy policies, accelerating technology adoption.

Overall, this research demonstrates the value of nature-inspired engineering
innovation in addressing sustainable development challenges. By combining
biomimetic principles with sustainable engineering, we have not only pioneered
a new approach to vehicle energy conservation but also provided a concrete and
feasible technical solution for building green transportation systems.
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