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Abstract

Dynamic braking performance is well understood in conventional
vehicles, but its characteristics in ultra-lightweight, energy-
efficient prototype vehicles remain poorly documented, despite
their growing role in energy efficiency competitions and urban
mobility concepts. This study experimentally investigated stop
braking performance under varying vehicle speeds and masses in a
low-mass prototype vehicle (V1.0). Tests were conducted at four
speed levels (10, 20, 30, and 40 km/h) and two mass configurations
(135 kg and 165 kg), with each scenario repeated five times on a
flat 100 m track. With an increase in speed from 30 to 40 km/h, the
135-kg configuration showed increases in braking distance of
11.14 m (133%), braking time of 1.92 s (47%), and disc pad
temperature of 0.66 °C (1.5%). The 165-kg configuration showed
corresponding increases of 14.21 m (152%), 3.02 s (75%), and
1.40 °C (3.3%). Across the full test range, increasing speed from
10 km/h to 40 km/h for the 135-kg configuration increased braking
distance from 1.78 m to 19.5 m (+995%) and braking time from
1.63 s t0 5.04 s (+209%). Increasing mass from 135 kg to 165 kg at
30 km/h increased braking distance by 0.97 m (11.6%) and braking
time by 0.59 s (17.3%). Disc pad temperatures remained within a
safe range, rising only from 41.1 °C to 42.5 °C (+3.4%) across the
tested speeds. These quantitative findings provide critical data for
optimizing braking system design in lightweight, energy-efficient
prototypes, ensuring operational safety under various load and
speed conditions.
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Braking distance, braking time, disc pad temperature, vehicle
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1 Introduction

The Energy-Efficient Car Competition (EECC) is a prestigious
annual event that encourages university students to design and
develop prototype vehicles focused on energy efficiency. In this
competition, efficiency is the primary benchmark. However, safety
aspects such as the braking system are also crucial in determining
the overall feasibility and performance of the vehicle. EECC
prototype vehicles are generally lightweight, have aerodynamic
shapes, and utilize simplified mechanical systems to minimize
energy consumption. These conditions, however, require careful
attention in designing the braking system to ensure adequate
vehicle control and safety.

Braking is a critical process in the vehicle control system that
directly relates to driver safety. When the vehicle is moving and
braking is applied, the frictional force generated by the brake
system functions to reduce the vehicle’s kinetic energy until it
reaches a complete stop. This process is influenced by various
factors, including initial speed, total vehicle weight, road surface
conditions, and the type of braking system used. According to

Gillespie [1] and Wong [5], braking dynamics are highly dependent
on the interaction between the braking system, mass distribution,
and wheel condition, all of which must be balanced to maintain
stability during deceleration.

Vehicle speed has a significant effect on braking distance. The
higher the initial speed, the greater the kinetic energy that must be
dissipated as heat through the braking system. Kinetic energy is
directly proportional to the mass of the vehicle and increases with
the square of the velocity. Therefore, an increase in speed causes an
exponential increase in braking distance. A study by Chen et al [6],
and by Chen, Chiu, and Hsiau [7] revealed that in lightweight
vehicles, increasing the speed from 20 km/h to 40 km/h could
extend the braking distance by up to 150%, depending on road
conditions and braking system types.

In addition to speed, vehicle weight also contributes to braking
performance. A heavier vehicle has greater momentum, which
requires more braking force to bring the vehicle to a stop [8]. For
lightweight vehicles such as EECC prototypes, changes in mass
due to payload or structural design variations can significantly
affect braking behavior. Berjoza et al, found that in vehicles
weighing less than 200 kg, a 20% increase in weight could result in
a 12% longer braking distance, depending on load distribution and
brake type [9].

Several previous studies have discussed braking in the context
of conventional or electric vehicles, but specific research on ultra-
lightweight vehicles like EECC prototypes remains limited.
Moreover, most studies tend to focus on brake system development
rather than on the influence of physical vehicle parameters [4],
[10]. Liu et al. highlighted the need for further studies on low-mass
vehicles to better understand how braking dynamics behave under
maximum energy efficiency conditions [11].

This study focuses specifically on stop braking, in which the
prototype vehicle is decelerated from a given initial speed to a
complete stop, enabling measurement of braking distance, braking
time, and disc pad temperature under different mass and speed
configurations.

2 Research methodology

The object of the study was the V1.0 prototype car, as shown in
Fig. 1. The braking tests were conducted on a 100 m flat asphalt
track under dry conditions. The vehicle was accelerated to the
target test speed (10, 20, 30, or 40 km/h) and maintained until
reaching a marked brake initiation point.

Fig. 1. V1.0 prototype car
At this marker, the driver applied maximum brake force to bring
the vehicle to a complete stop. Braking distance was measured
from the brake initiation point to the stop line using a calibrated
measuring tape, while braking time was recorded from the instant
of pedal application until the vehicle stopped, using a Seiko®
S23601P stopwatch. Immediately after each stop, disc pad
temperature was recorded using a Sanfix I1T-550N infrared
thermometer. Each speed—mass configuration was tested five times,
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with a minimum three-minute cooling interval between runs to
avoid heat build-up. Figs. 2 and 3 illustrate the braking system
configuration and the experimental track layout, respectively,
providing visual documentation of the test setup and procedure.

Frontdisc brake g

== Rear disc brake

Fig. 2. Schematic system hydraulic disc brake of the V1.0
prototype car

Initial Velocity

! Brake Distance I
Start :

Brake Time I

100 meters
Fig. 3. Experimental Scenario — Braking was initiated at the
designated point and measured until the vehicle came to a complete
Stop

The tested prototype V1.0 is a three-wheeled, ultra-lightweight
vehicle with a tubular steel frame, aerodynamic fiberglass body,
and hydraulic disc brakes on both front and rear wheels. The
unloaded vehicle mass is 85 kg, and with driver configurations of
50 kg and 80 kg, the total test masses were 135 kg and 165 kg, as
detailed in Table 1.

Table 1. Summary of experimental variables and measurement parameters for stop braking tests

Aspect

Description

Independent variables
Vehicle weight: 135 kg, 165 kg

Braking distance (m)

Braking time (5)

Brake pad temperature (°C)

Tire pressure: standardized to 40 psi
Vehicle weight: 85 kg

Driver weight 1: 50 kg

Driver weight 2: 80 kg

Road surface: dry and clean asphalt

Digital Laser RPM Tacho Meter DT2234C
Stopwatch Seiko S23601P

Measuring tape (30 m)

Dependent variables

Controlled variables

Measurement tools

Digital weighing scale
Data collection method
Braking was initiated at a fixed test point

Data analysis
visualize variability and repeatability

Vehicle initial speed: 20 km/h, 30 km/h, 40 km/h

Sanfix IT-550N Digital Infrared Laser Thermometer
The prototype was accelerated to the target speed (10, 20, 30, or 40 km/h)

Braking distance was measured from the braking point until the vehicle stopped completely

Braking time was recorded from pedal actuation to stop

Disc pad temperatures were measured immediately after each test

Tests were repeated five times for each condition to calculate the average and standard deviation

Data analysis was carried out in Python, calculating means and standard deviations, and plotting graphs with error bars to

The braking system is mechanically balanced, with hydraulic
lines providing equal brake fluid pressure to both front and rear
calipers. Under dynamic braking, weight transfer causes
approximately 60% of the braking force to act on the front wheels
and 40% on the rear wheels at the start of deceleration.

The methods for calculating kinetic energy and deceleration
were based on classical mechanics, drawing on established
formulations as presented [1]. These references provide the
foundational equations used in vehicle dynamics analysis and
braking force evaluation. The theoretical basis ensures that the
derived results are consistent with accepted engineering principles
and applicable to prototype vehicle performance studies. To
enhance the analysis of braking behavior, two physical quantities
were calculated and illustrated in equation form. Kinetic energy
(Ex) was calculated to quantify the mechanical energy that the
braking system must dissipate during each trial. The formula used
is Eq. (1).

E, = 1mv2 (1)

2
where Ey is kinetic energy in Joules (J), m is the mass of the vehicle
(kg), and v is velocity in meters per second (m/s). This computation

reflects the energy reserve associated with motion, which grows
quadratically with velocity, highlighting how even small speed
increases produce large increases in energy demands.

The estimated deceleration (a) is approximated by assuming
uniform deceleration from the initial velocity to a complete stop, so
that the formula applied is Eq. (2), where a is deceleration (m/s?),
and t is braking time (s), measured from brake application to
complete stop.

=— 2

a=- @

These derived parameters provide critical insight into the

energy absorption and braking effectiveness under varying mass-

speed conditions, especially in prototype vehicles with minimal
braking systems.

3 Results and discussion

Table 2 summarizes the key findings from the experimental
braking tests for both vehicle masses across all tested speeds. It
includes average and standard deviation values for braking
distance, braking time, disc pad temperature, as well as the
calculated kinetic energy and estimated deceleration.
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Table 2. Summary of experimental braking tests

Vehicle mass (kg)

Speed (km/h)

Brake distance (m)

Brake time (s)

Brake pad temp (°C)

Kinetic energy (J)

Deceleration (m/s?)

135 10 1.78 +0.13 1.63
135 20 6.86 +1.14 3.22
135 30 8.36 +1.80 3.42
135 40 19.50 +0.90 5.04
165 10 2.02 +0.03 2.04
165 20 8.71 +0.28 3.62
165 30 9.33 +0.33 4.01
165 40 23.54 +1.26 7.03

+0.542 41.13 +1.15 521.67 1.89
+0.439 41.40 +0.89 2086.67 1.75
+0.885 41.87 +0.77 4683.75 2.61
+0.010 42.53 +0.65 8331.67 2.21
+0.017 41.27 +1.06 637.59 1.36
+0.545 41.53 +0.84 2550.37 1.57
+0.020 42.00 +0.85 5724.58 2.07
+0.018 43.40 +0.15 10183.15 1.58

+: standard deviation

3.1Braking distance analysis

The measured braking distance of the V1.0 prototype, as shown
in Fig. 4, exhibited a clear trend of increasing with both vehicle
speed and vehicle mass. The relationship between braking distance
and vehicle speed exhibits a quadratic trend, aligning with classical
braking physics that ties stopping distance to kinetic energy
dissipation. For the 135 kg vehicle, the mean braking distance
increased from 1.78 m at 10 km/h to 19.5 m at 40 km/h, while for
the 165 kg configuration, the distance at 10 km/h was already
higher at 2.02 m, despite missing higher speed data. This
underscores the sensitivity of lightweight prototype vehicles to both
mass and velocity, confirming studies such as that by Wang et al.,
who emphasized the influence of inertial force in electric
lightweight vehicle dynamics [12].

25 | \fehicle Mass (kag)
—— 135kg
—— 165 kg

= N
w =

Brake Distance (m)
1

10 15 20 25 30 33 40
Speed (km/h)

Fig. 4. Measured braking distance

At intermediate speeds of 20 and 30 km/h, the prototype
vehicle’s braking distances increased substantially, reaching around
6.86 m and 8.36 m for the 135 kg setup, and 8.71 m and 9.33 m for
the 165 kg setup, respectively. These values demonstrate how
relatively small speed increases can dramatically impact the
distance needed to safely stop, particularly when combined with a
heavier payload. The difference between the two vehicle masses
became more pronounced at these mid-range speeds, reflecting how
even modest weight variations can significantly change stopping
characteristics [13]. Additionally, Zellner and Weir [3] noted that
moderate changes in rear braking or vehicle loading led to different
lateral accelerations and stopping behavior, especially under mid-
range conditions. This reinforces the point that vehicle mass
differences, even if modest, can amplify stopping disparities as
speed increases. This highlights the critical importance of
accounting for loading conditions when designing braking systems
for lightweight prototypes.

The steep rise in stopping distance, especially between 30 and
40 km/h, illustrates that wvehicle control and braking system
calibration have become increasingly critical at moderate urban
speeds. The increased momentum at higher speeds exponentially
amplifies the demand on the braking system. Moreover, the
standard deviation increases notably with speed, e.g., from 0.13 m
at 10 km/h to 1.79 m at 30 km/h, highlighting variability due to
possible minor inconsistencies in surface friction, brake pad
adhesion, or driver input.

Moreover, these results demonstrate that even at a relatively
moderate urban driving speed, a lightweight prototype vehicle can

require an unexpectedly long stopping distance, emphasizing the
need for proactive safety margins in route design and operational
planning [9], [12], [14].

3.2 Braking time analysis

Braking time is a critical indicator of how effectively the
braking system can decelerate the vehicle after the brakes are
applied. In the V1.0 prototype car, as shown in Fig. 5, braking time
consistently increased with vehicle speed, as expected from the
fundamental relationship between speed and stopping requirements.
Braking time results show a consistent increase in speed, as
expected from the kinetic energy-velocity relationship. For the 135-
kg prototype, braking time rose from 1.63 s at 10 km/h to 5.04 s at
40 km/h. Interestingly, braking times at 20 and 30 km/h displayed
diminishing gains (3.22 s and 3.42 s, respectively), suggesting a
possibly nonlinear deceleration trend due to early brake saturation
or reduced driver modulation at mid-range speeds. For the 165 kg
vehicle traveling at 10 km/h, the braking time was 2.04 s, longer
than that of its lighter counterpart at the same speed, confirming
that mass increases the time required to stop due to increased
inertia. Braking time is fundamentally affected by the available
brake force, which in lightweight vehicles can be limited by
compact mechanical and hydraulic components [2], [15].

7 Vehicle Mass (kg)
—4— 135kg
—— 165kg

Brake Time (s)
'

10 15 20 25 30 35 40
Speed (km/h)

Fig. 5. Measured brake time

The observed performance affirms that while lightweight
vehicles possess short stopping ranges, their braking duration can
be significantly influenced by payload and velocity. In prototype
and urban micromobility applications, brake time needs to be
tightly coupled with perception-reaction time modeling to ensure
safety under practical deployment scenarios application [2], [15].
The combination of acceptable average times, low standard
deviation, and convergence between different vehicle masses at
higher speeds suggests that the current brake configuration has
been adequately matched to the prototype’s size and energy class.
However, testing on wet or variable road conditions would be
valuable for validating these results under more challenging real-
world scenarios, especially given the narrow safety margins of
ultra-lightweight prototype platforms.

3.3 Disc pad temperature analysis

Disc pad temperature is a key performance indicator in braking
systems, as it directly influences braking effectiveness and the risk
of brake fade. Throughout the experimental trials, the V1.0
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prototype’s disc pad temperature was measured after each braking
event to monitor thermal build-up.

As shown in Fig. 6, the disc pad temperature measurements
demonstrated a moderate and controlled increase across the tested
speed and mass conditions. Temperature behavior across trials
reveals minimal thermal stress under single-event braking. The
mean disc temperature for the 135-kg vehicle rose modestly from
41.1 °C at 10 km/h to 42.5 °C at 40 km/h, a trend mirrored by
standard deviations below 1.15 °C in all conditions. This
performance is considered thermally stable and indicates that for
short braking distances, the thermal energy conversion through
friction is well managed within material tolerances. For the 165 kg
configuration at 10 km/h, the temperature remained stable at 41.3
°C, reinforcing the consistency across weight classes at lower
kinetic loads.

435  Vehicle Mass (kg)
—— 135kg
43,0 —4— 165kg

N B IS
- N ~N
w (=] w

Disc Pad Temperature (°C)
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o

10 15 20 25 30 35 40
Speed (km/h)

Fig. 6. Disc pad temperature

Recent research by Wang et al. on brake fade dynamics in light
electric vehicles supports the view that temperature becomes a
concern only during repeated or prolonged braking sequences [16].
Thus, while current thermal behavior is stable, endurance or
descent testing may be necessary before certifying this system for
repeated braking cycles or competitive scenarios with tight
recovery phases. The results affirm the suitability of the current
brake pad compound and rotor design for single-stop events under
controlled flat surface conditions. However, future designs may
benefit from incorporating ventilated discs or regenerative braking
hybridization to extend thermal range in extended use cases.

The heatmap analysis of disc pad temperature, as shown in Fig.
TError! Reference source not found. across different speeds and
vehicle masses revealed a uniform thermal distribution pattern,
with slightly elevated temperatures at higher speeds. This
visualization supports the numerical data and confirms that both
mass and velocity affect thermal load, but not to a level that
compromises safety in single-event braking. The consistent thermal
profile (°C) shown in the heatmap reinforces the thermal efficiency
of the braking system and its suitability for short-distance, energy-
efficient prototypes.

=43.0

135

-425

-42.0

|41.5

Vehicle Mass (kg)

165

10 20 30 40
Speed (km/h)

Fig. 7. Heatmap analysis of disc pad temperature

One important observation is that the absolute disc pad
temperatures remained well within safe operating thresholds. In
conventional vehicle braking systems, disc pads can operate safely
at up to 200-300 °C, depending on the material [17], [18], [19].
Therefore, the 43.4 °C maximum observed in this prototype
confirms that thermal saturation is not a limiting factor under these
test conditions. This is encouraging for prototype competitions,
where lightweight braking systems must perform reliably but are
rarely stressed to the extremes of heavy-duty passenger or
commercial vehicles.

The moderate and repeatable temperature data indicate that the
V1.0 prototype’s brake system is thermally robust within the tested
range. This stability means the braking system is unlikely to suffer
from fade or excessive wear under typical prototype usage [20].
However, if the vehicle were to operate at higher sustained speeds
or steeper downhill grades, further studies could investigate
whether additional cooling or advanced pad materials might be
necessary to maintain consistent braking performance over longer
duty cycles [17].

3.4 Kinetic energy analysis

The kinetic energy profile, derived from classical mechanics in
Eg. (1), emphasizes the exponential growth in energy with speed.
As shown in Fig. 8, the 135 kg prototype’s kinetic energy rose from
~522 J at 10 km/h to ~8332 J at 40 km/h, indicating a 16x increase
with only a 4x increase in speed. For the 165 kg vehicle, the energy
at 10 km/h was ~638 J, about 22% higher than the lighter
configuration. These findings demonstrate how slight increases in
mass or velocity can drastically shift energy demand, reaffirming
the nonlinear complexity of vehicle braking control as highlighted
by Luo etal. [21].

Vehicle Mass (kg)
—e— 135kg
—e— 165 kg

10000

8000

6000

4000

Kinetic Energy ())

2000

10 15 20 25 30 35 40
Speed (km/h)

Fig. 8. Kinetic energy as vehicle speed rises

Because braking systems must convert this kinetic energy to
thermal and mechanical dissipation, the data corroborate the
increasing braking distances and times with higher energy states.
These results call for simulation-led brake system calibration
during design to ensure optimal performance across speed profiles.
Such kinetic energy analysis also underlines why vehicle payload
management, route planning, and dynamic weight compensation
are increasingly important for safe prototype vehicle operations in
dynamic environments.

3.5 Estimated decelerated

Estimated deceleration values, calculated with Eq. (2) as
average speed over brake time, highlight how braking effectiveness
evolves with conditions. As shown in Fig. 9, for the 135 kg vehicle,
deceleration increases from ~1.89 m/s2 at 10 km/h to a peak of
~2.61 m/s? at 30 km/h before slightly reducing at 40 km/h (~2.21
m/s?), potentially due to mechanical brake limits or slight tire slip.
For the 165 kg vehicle, the deceleration at 10 km/h was lower at
~1.36 m/s?, as expected with added mass. It reveals that as speed
increases, average deceleration tends to decrease, especially for
heavier Vehicles. This inverse relationship suggests that the
braking system requires a longer time to reduce the vehicle's
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momentum at higher speeds. The lower deceleration values in the
165 kg configuration confirm that additional mass reduces braking
effectiveness, emphasizing the need for appropriately sized brake
components for varying load scenarios [21], [22].

3.5 Vehicle Mass (kg)
—— 135kg
—— 165kg

3.0

2.5

“ \
0 35 40

Estimated Deceleration (m/s?)

1.5

10 15 20 25 3
Speed (km/h)

Fig. 9. Estimated deceleration

This pattern shows that while speed and mass both affect kinetic
energy, deceleration can vary due to friction limits, brake hardware
capabilities, and surface adhesion. Such behavior supports recent
conclusions by Jamil et al. that braking response in lightweight
electric vehicles must account for non-linear brake efficiency
curves, especially under variable loading [23].

The increasing trend followed by a rapid decline may warrant
further exploration into the feasibility of Anti-Lock Brake System
(ABS) or adaptive brake distribution algorithms in such platforms.
These findings underscore the importance of speed-awareness in
real-time brake actuation systems for prototype and experimental
vehicles. Although there were no signs of thermal overload (as
brake pad temperatures remained moderate), the decreasing
deceleration trend at higher speeds points to a potential
performance ceiling under more demanding operating conditions.
Such limitations must be addressed through brake system
enhancements, such as increased rotor size or improved material
properties [21], [22].

4 Conclusions

This study demonstrates that both vehicle speed and mass
significantly influence the braking performance of a low-mass
prototype vehicle. Higher speeds and heavier loads increased
braking distance and braking time, while disc pad temperatures
remained within safe operating limits. These results provide critical
insights for optimizing braking system design and ensuring
operational safety in lightweight, energy-efficient vehicles. The
main results are as follows:

1. At30 — 40 km/h:

For 135 Kkg: braking distance rose by 11.14 m (+133%), braking
time by 1.92 s (+47%), disc pad temperature by 0.66 °C (+1.5%).
Meanwhile, for 165 kg: braking distance rose by 14.21 m (+152%),
braking time by 3.02 s (+75%), disc pad temperature by 1.40 °C
(+3.3%).

1. Across 10 — 40 km/h (135 kg):

Braking distance increased from 1.78 m to 19.5 m (+995%),
and braking time increased from 1.63 s to 5.04 s (+209%).

1. At 30 km/h, adding 30 kg mass increased braking distance by
0.97 m (+11.6%) and braking time by 0.59 s (+17.3%).

2. Disc pad temperatures rose slightly from 41.1 °C to 42.5 °C
(increased 3.4%), staying within safe limits.

These results provide a quantitative basis for optimizing braking
systems in lightweight, energy-efficient vehicles. They emphasize
the importance of managing load conditions, calibrating brake

systems for various speeds, and accounting for weight transfer
effects in design.
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