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Abstract. Active rear spoilers represent a significant advancement in the modern automotive
industry. Active rear spoilers offering dynamic adjustment of aerodynamic forces to optimise vehicle
performance and efficiency. Unlike traditional fixed spoilers, active systems respond to real-time
driving conditions. They alter their angle of attack and height to balance the trade-off between
downforce and drag. This adaptive capability enhances high-speed stability, cornering grip, braking
performance, and overall safety, while also improving energy efficiency—particularly crucial for
electric vehicles, where aerodynamic drag directly affects range. This paper examines the
aerodynamic principles, control strategies, and structural components of active rear spoilers. It also
evaluates their impact on vehicle dynamics, energy consumption, and safety, with case studies from
advanced implementations such as the Rimac Nevera and McLaren P1™. The paper highlights
current technological achievements, identifies recent research gaps, and outlines future trends in
adaptive aerodynamic devices, with a particular focus on rear spoilers.
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1. Introduction

In the modern automotive industry, aerodynamic performance prioritises vehicle stability,
dynamic control, and energy efficiency. This is particularly important in electric vehicles, where
range is very much affected by aerodynamic drag. Engineers have continuously aimed to optimise
airflow around cars to reduce drag and enhance downforce (-ve lift), balancing safety, road
performance, and energy consumption. Among the most influential aerodynamic devices is the rear
spoiler, a significant component within an aero system.

Historically, rear spoilers were designed as fixed aerodynamic elements, mounted permanently on
a vehicle’s rear axle. One of the earliest examples was the “ducktail” spoiler on the 1961 Ferrari 246
SP Dino [1], which is commonly regarded as the “father of design™ of passive rear spoilers in both
motorsport and production vehicles. Fixed spoilers provided various but limited advantages:
cornering grip is improved by reducing rear downforce (-ve lift); track performance is increased by
high-speed stability.

Despite these benefits, traditional fixed spoilers are constrained by a critical limitation—their
inability to adapt to real-time driving conditions. Their static structure provides consistent
aerodynamic characteristics, regardless of whether the vehicle is cruising on straights or navigating
tight corners. While fixed spoilers improve downforce (-ve lift), they also introduce significant
aerodynamic drag, which reduces top speed and increases energy consumption. This fatal trade-off is
governed by fluid dynamics and Newton’s Laws: enhancing downforce (negative lift) often leads to
increased airflow, which in turn increases drag [2,3]. For internal combustion vehicles, this results in
higher fuel usage, while for electric vehicles, it means reduced battery range. Furthermore, the
appearance of large, fixed spoilers can impact aesthetics, and the additional mass further limits the
vehicle’s acceleration (mass < acceleration-1, given force applied is constant).

To resolve these issues, active rear spoilers were introduced [4]. Unlike fixed designs, active
systems adjust their angle, height, or deployment in response to real-time driving conditions. An
iconic example is the Bugatti Veyron, whose adaptive rear spoiler functions as an air brake during
aggressive deceleration and retracts for minimal lift during high-speed travel [5]. These active rear
spoiler systems reduce drag during steady cruising and increase downforce (negative lift) when
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needed, thereby overcoming the conflict between drag and downforce (negative lift) typically found
in fixed rear spoilers.

This paper focuses on the functionality, control strategies, and performance impacts of active rear
spoilers within the context of modern vehicles (from 2005 onwards). It summarises foundational
knowledge of their operation and evaluates how they improve vehicle handling, reduce energy
consumption, and extend electric vehicle range based on previous studies. This paper highlights active
spoiler systems, presenting the engineering advancements that break the limitations of static designs.
Real-world implementations are also explored to assess current applications, identify research gaps,
and logically predict future trends in adaptive acrodynamic technologies.

2. Working Principle and Control Strategy of Active Rear Spoilers

2.1. Aerodynamic Principles

The two fundamental forces (as shown as the two forces on the vertical, y-axis in Figure 1) that
are considered when investigating rear spoilers are drag and lift (or downforce, lift is +ve while
downforce is -ve for a standard reference frame). Aerodynamic drag is the resistance force that acts
oppositely to a vehicle’s direction of travel through air (-ve in vector field). On the other hand, lift is
described as the vertical aerodynamic force. If it is a negative figure, it suggests that downforce is
generated (towards the centre of the planet) [6]. Active rear spoilers dynamically adjust the angle of
attack to regulate downforce (-ve lift), while mitigating drag. The downforce—drag trade-off is rooted
in fluid dynamics: induced drag increases as lift rises, particularly at higher angles of attack and
speeds [7]. Hence, real-time adjustment is required to maintain performance without sacrificing
efficiency.

A \Vertical (y axis)

Horizontal (x-axis)

Figure 1. Rear Spoiler Force Analysis and Angle of Attack

2.2. Structural Components

Primarily, an active rear spoiler consists of various sensors. For example, a velocity sensor, a
braking intensity sensor or an acceleration sensor. These enable actuation based on real-time driving
conditions [7]. Secondly, actuators that control the physical shape of the spoiler are controlled by the
Electric Control Unit (ECU), which receives input from sensors and returns outputs that adjust the
actuators to control the dynamics of the spoiler.
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2.3. Control Strategy

In addition to basic closed-loop feedback control, which adjusts actuators based on data from
sensors, there are two other major control strategies. First is the preset mode strategy, based on
conditions set by the manufacturer. For example, the spoiler’s angle of attack changes depending on
the driving mode selected by the driver (commonly seen in the Porsche Sport Chrono system).
Secondly, the adaptive algorithm predicts deceleration or acceleration conditions, allowing spoilers
to dynamically adapt to future scenarios [7,8].

3. The Influence of Active Rear Spoilers on Vehicle Performance

3.1. Improvement in Dynamic Performance

Active rear spoilers play a crucial role in enhancing high-speed stability and braking performance.
When the spoiler is deployed at higher angles of attack (specifically above 10°), rear-axle downforce
(-ve lift) and vehicle grip are significantly improved. For instance, experimental results from a
controlled spoiler setup show that an angle of attack of 12° increases downforce (-ve lift) by 233%
compared to an angle of attack of 5°. In comparison, drag increases by only 15% in wind tunnel
experiments [9]. This increase in downforce (with rear spoiler extended up to around an angle of
attack of 20°) reaches an optimal level that effectively balances aerodynamic drag. During cornering,
vehicles experience significantly higher lateral acceleration (horizontally), which can destabilise the
rear axle and cause oversteer (most pronounced in rear-wheel-drive cars). Deploying the rear spoiler
at a higher angle of attack during such events enhances the vertical load on the rear tires by increasing
downforce (-ve lift), thereby improving traction and reducing lateral slip [8]. Additionally, the added
downforce (negative lift) presses the car to the asphalt as much as possible, increasing the available
lateral grip and enabling higher cornering speeds without compromising safety [7]. As such, many
high-performance vehicles dynamically adjust the spoiler based on real-time steering angle and yaw
rate data.

The effectiveness of angle of attack adjustment also appears in braking performance. A study
shows that at a Reynolds number of 14.61 x 10, deploying the spoiler at a 55° angle of attack leads
to a 430% increase in downforce (-ve lift) and a 90.9% increase in drag compared to the retracted
situation [10]. This significant increase in drag functions as an “airbrake” (as shown in Figure 2),
doing work against the vehicle’s direction of travel. As a result, deceleration is substantially enhanced,
leading to improved braking performance, as demonstrated by shorter stopping distances.

Figure 2. McLaren W1 Airbrake airflow [11]
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3.2. Energy Efficiency and Drag

The dynamic adjustment of active rear spoilers leads to an inevitable trade-off between vehicle
stability and energy efficiency. While increased downforce (-ve lift) enhances handling and high-
speed stability, it also results in greater aerodynamic drag, which opposes vehicle motion and reduces
overall efficiency. Aerodynamic drag leads to increased fuel consumption in internal combustion
vehicles and significantly reduces battery range in electric cars [12].

To optimise this trade-off, active spoilers typically reduce their angle of attack during steady high-
speed cruising, lowering drag and improving energy efficiency without compromising stability.
Adaptive control strategies require real-time parameters—such as vehicle velocity, lateral
acceleration, and yaw rate—to continuously adjust spoiler configurations (e.g. angle of attack) in
response to driving conditions. These algorithms enable a flexible and rapid response that prioritises
energy efficiency during cruising while increasing downforce (-ve lift) during cornering or braking.
These dynamic aerodynamic adjustments are exceptionally vital for electric and hybrid vehicles,
where driving range must be maximised to compete with combustion engines.

3.3. Enhanced Safety and Handling of the Vehicle

Active rear spoilers enhance vehicle safety and control during aggressive driving situations such
as emergency braking, high-speed lane changes, and rapid deceleration. By dynamically adjusting the
drag-downforce balance, these systems help maintain traction and reduce instability. During high-
speed cornering or evasive manoeuvres, rapid changes in the spoiler’s angle of attack increase rear
downforce (-ve lift) when lateral acceleration exceeds safe limits. This improves lateral stability and
reduces oversteer (especially crucial for rear-wheel-drive vehicles, where rear-axle traction is more
vulnerable) [7].

During intensive braking, deploying the rear spoiler to a steep angle significantly raises
aerodynamic drag, creating an “airbrake” effect. This not only reduces the vehicle’s speed but also
moves the aerodynamic centre towards the rear axle, against forward momentum. As a result, rear-
axle lift and yaw instability are reduced. CFD-based studies demonstrate that such deployment aids
in maintaining grip and directional stability during sudden deceleration [7].

In electric vehicles, regenerative braking can lead to non-linear deceleration (braking much
aggressively than required, even causing injuries to passengers). Integrating active rear spoilers
provides a more linear and predictable braking force, resulting in improved control, enhancing safety.
Simulations show that these systems reduce yaw oscillations and help keep the rear axle planted on
the asphalt [13]. Active rear spoilers, therefore, contribute not just to performance, but also to real-
time vehicle stability in demanding conditions.

4. Application Analysis

4.1. Analysis of the Active Rear Spoiler System in the Rimac Nevera (electric vehicle)

Figure 3. Rimac Nevera’s active rear spoiler circled in white [14].
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The Rimac Nevera, commonly known as the fastest electric hypercar on the planet (now the Rimac
Nevera R takes over this title), is equipped with an evolutionary active aerodynamic package. One of
its most astonishing components is the active rear spoiler (as shown in Figure 3), which optimises
both vehicle performance and energy efficiency. Nevera’s rear spoiler contributes to high-speed
handling, emergency braking, and range extension in ways that no previous vehicles are capable of.

4.1.1. General Performance Analysis

The Nevera's active rear spoiler is dynamically controlled based on real-time driving conditions,
including speed, steering angle, throttle position, and braking intensity. In aggressive driving
scenarios, especially on the track, the spoiler deploys to increase rear downforce (negative lift) by up
to 326%, helping to stabilise the rear axle and prevent oversteer [14,15].

When braking from high speed, the spoiler acts as an airbrake, deploying to the steepest angles in
under 0.3 seconds. This significantly increases aerodynamic drag, enhancing deceleration while
reducing forward weight transfer, thus preventing rear-axle lift and yaw instability. CFD simulations
and track tests conducted by Rimac engineers have demonstrated that the system reduces stopping
distances (in emergency stops) and maintains directional stability under full braking loads [15],
making it a critical safety feature.

Moreover, the rear spoiler operates in conjunction with other active aerodynamic components,
including front splitters and the rear diffuser, creating a fully integrated aerodynamic system that
continuously adjusts to maximise grip and handling across different performance modes (Range,
Comfort, Sport, Track, Drift).

4.1.2. Drag Reduction and Running Efficiency

While the active spoiler primarily aids high-performance driving, it also contributes to energy
efficiency. In cruising or eco-driving conditions (such as "Range Mode"), the spoiler automatically
retracts into a low-drag position, minimising opposing forces. When combined with the closing of
the front air inlets and reconfiguration of the underbody diffuser, this brings the overall drag
coefficient down to approximately 0.30 Cd (Coeftficient of Drag), reducing aerodynamic drag by up
to 17.5% compared to Track Mode [15].

This dynamic reduction in drag directly impacts the vehicle’s Worldwide Harmonised Light
Vehicles Test Procedure (WLTP)-rated electric range of up to 489 km. The streamlined configuration
in Range Mode helps minimise energy consumption at highway speeds, extending the usable distance
per charge. Rimac claims that the active rear spoiler contributes to a 34% improvement in
aerodynamic efficiency over a passive baseline design [15].

The Rimac Nevera’s active rear spoiler represents next-generation automotive aerodynamics,
serving dual purposes: enhancing high-speed handling and braking safety, while also reducing drag
to improve running efficiency. These two purposes effectively resolve the conflict between drag and
downforce (-ve lift), optimising the overall performance of the vehicle.

4.2. Analysis of the Active Rear Spoiler System in the McLaren P1TM

Away from the market of electric hypercars that utilise active aerodynamic systems, McLaren
P1TM, a member of the ‘Holy Trinity’, was commonly known for its gigantic and evolutionary rear
spoiler that adjusts dynamically according to the driving conditions. Although the McLaren P1TM
was introduced at the 2013 Geneva Motor Show, its advanced aerodynamics are among the most
classic and famous applications among hybrid vehicles during the 2010s. This aerodynamic control
system is still regarded as one of the most innovative designs in the modern automotive industry. The
two extremes are when the spoiler is fully extended, as shown in Figure 4, and when it is fully
retracted, as shown in Figure 5.
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Figure 5. McLaren P1TM’s rear spoiler (fully retracted) [16].

4.2.1. General Performance Analysis

The McLaren P1TM is a product of McLaren’s most advanced aerodynamic technology in the past
decade, directly evolved from the Formula 1 Racing team. Its active rear spoiler operates dynamically
just like the Rimac Nevera, extending up to 120 mm in road mode and 300 mm on the track. The
Angle of attack can be adjusted by up to 29° to generate maximum downforce (-ve lift) [17]. This
system enables the PITM to achieve a remarkable 600 kg of downforce (negative lift) at
approximately 160 miles per hour, vastly exceeding the aerodynamic capabilities of most sports cars,
even in the 2020s [17,18]. Again, such a control strategy is like Rimac Nevera’s. However, such
technology was innovated far earlier than Rimac. This case study delves deeper into an earlier
successful model to understand active rear spoiler systems in a more profound way.

Formula 1's active aerodynamic technology is directly implemented on the P1TM, known as the
Drag Reduction System (DRS). Activated via a button on the steering wheel, DRS minimises the
angle of attack to reduce drag by approximately 23%, enhancing top speed and acceleration on
straight tracks. The system automatically deactivates the DRS when the driver applies braking or
steering inputs, ensuring safety and stability while maintaining performance [17].

Moreover, the active rear spoiler is aided by other devices, such as movable front flaps and an
optimised underfloor diffuser, all of which are managed by the McLaren Race-Active Chassis Control
(RCC). In Race mode, the RCC lowers the ride height by 50 mm, stiffens the suspension, and
synchronises aerodynamic adjustments to deliver sharper handling and more aggressive performance
[18].
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4.2.2. Drag Reduction and Running Efficiency

Beyond track performance, the McLaren PITM’s active aerodynamics also enhance everyday
drivability and efficiency. When downforce (-ve lift) isn’t demanded, retracting the rear spoiler and
returning to a higher ride height helps achieve a balanced aerodynamic profile with a Cd (Coefficient
of Drag) of approximately 0.34, which is impressively low for a high downforce (-ve lift) hypercar
[18]. This application of an active rear spoiler directly demonstrates how drag and downforce
(negative lift) can be effectively balanced through various adjustments of the rear spoiler.

Enabling DRS in suitable conditions further reduces drag, improving highway cruising efficiency
and offering benefits in terms of energy usage and thermal management. This dual-mode capability—
balancing downforce (-ve lift) for performance while retracting for efficiency—demonstrates how
McLaren optimised the PITM for both ultra-high-speed handling and practical road use [18].
Furthermore, the electric range for P1TM (if driving in electric mode) is much enhanced. To highlight,
DRS primarily improves track performance but can also improve safety and running efficiency.

Each design minimises drag by retracting the spoiler, leaving a smaller angle of attack. However,
when demanded on track, spoilers are extended instantaneously for airbrake or flattened for faster
acceleration and top speed. The advantage of improving range is shown on the electric Rimac Nevera.
PITM’s evolutionary implementation of DRS on road-legal vehicles highlights how Formula 1-
derived technology can be applied to the modern automotive industry. It can be summarised that by
implementing active rear spoilers, drag and downforce (negative lift) can be balanced to an optimal
adjustment that suits real-time driving conditions.

5. Conclusion

This paper summarises the design, function, and impact of active rear spoiler systems across
various applications, including hybrid hypercars and high-performance electric vehicles, based on
previous studies and manufacturer data. The consensus is clear: active rear spoilers are evolutionary
aerodynamic devices that resolve key engineering trade-offs—reducing drag while generating
downforce (negative lift) and maximising top speed while improving cornering grip.

Studies show these systems provide notable benefits in cornering, high-speed stability, and braking.
For example, the McLaren P1TM’s DRS system increases downforce (-ve lift) on demand and acts
as an airbrake to shorten braking distances before corners. Similarly, the Rimac Nevera’s active aero
integrates with vehicle dynamics for instant deployment to improve traction and braking, while
retracting to reduce drag on straighter tracks, thereby enhancing running efficiency.

Safety advantages are also evident. By adjusting the spoiler’s angle, traction and rear stability
improve in emergencies or poor conditions, enhancing driver confidence and outperforming fixed
spoilers.

For electric vehicles, aerodynamic efficiency and range optimisation are crucial. Retractable
spoilers lower drag in range modes, as shown by the Rimac Nevera, balancing performance with
efficiency through intelligent aerodynamic control.

Overall, the review finds active rear spoilers, combined with suitable control strategies and whole-
vehicle aerodynamic systems, offer achievable solutions that balance performance, safety, and
efficiency. However, research gaps persist due to limitations in proprietary data. Validation depends
on wind tunnel and track testing, which many organisations cannot afford. Computational Fluid
Dynamics (CFD) provides a cost-effective alternative for aerodynamic analysis, but it still requires
experimental validation. Future studies should focus more on CFD analysis of supercars equipped
with evolutionary rear active spoiler systems, such as the Ferrari F80 and McLaren W1.

Future developments in active rear spoilers are likely to follow multiple paths. For high-
performance, track-focused vehicles, larger active spoilers may be used to maximise downforce
(minimising lift). In contrast, road-oriented vehicles may adopt smaller, more discreet designs to
prioritise running efficiency and minimise production costs. Improvements in computational
capability may enable faster actuation and more precise control. At the same time, advances in
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materials science, such as the application of shape-memory materials, could allow continuous
optimisation of spoiler geometry on tiny scales. It is also possible that future active aerodynamic
systems will move away from visible physical spoilers entirely. For example, fan-based systems could
generate downforce by creating a controlled low-pressure zone beneath the vehicle and directing the
airflow upwards at the rear. By adjusting fan speed and angle, the system could dynamically control
the aerodynamic load, functioning as an active spoiler with potentially greater effectiveness.
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