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Introduction

The braking system deals with the deceleration of the vehi-
cle by the means of transfer of pressure applied by pressing 
the brake pedal via brake lines which have hydraulic fluids 
in them. A successful braking system ensures all wheels lock 
at the same moment and stop the vehicle within the accept-
able distance and time. The cars designed in the previous 
year for SAE BAJA event had achieved a braking distance of 
2 m. Given the lighter weight of the vehicle and the fact that 
the braking was designed specifically keeping in mind the 
dynamic abilities of the car, it can improve upon the stop-
ping distance greatly [1–4]. Disc brakes were preferred over 
drum type because of factors such as the high possibility of 
mud and debris gathering in the space between the shoe and 
the drum in drum brakes. The disc brake is less bulky and 
weighs less compared to the drum type. Efficient cooling 
or better heat dissipation and more resistance to water are 
key features of the disc brakes. Also, disc brakes have more 
stopping power than drum brakes which greatly simplify the 
design of the wheel assembly and reduce its weight. As the 
ATV application is mainly off-roading, for this reason anti-
lock braking system (ABS) was not considered in the design.

Materials

When the brake is applied, the calliper, which is a compo-
nent of a disc brake, presses the brake pads on the rotor on 
both sides. Each brake calliper receives hydraulic pressure 
from the master cylinder when the driver’s foot presses the 
brake pedal [5]. To apply the brake, one or more pistons 
are forced outward by fluid pressure inside the calliper. The 
hydraulic pressure decreases and the callipers lose their 
hold when the brake pedal is removed. While pressure is 

Abstract  An all-terrain vehicle (ATV) was designed and 
manufactured to participate in the SAE Baja, India event, 
and in the present work, we have considered one subsystem, 
namely the braking system. The design of lightweight com-
ponents helps optimize a system overall for greater effective-
ness and efficiency. It may then result in a decrease in the 
carbon footprint. The goal of the study was to explore the 
performance of a lightweight brake system for ATV applica-
tions using numerical methods. An optimized brake system 
for ATV car use was the focus of the study. Structural steels, 
i.e. SS410 and SS420, along with aluminium alloys were 
the materials used. The suggested ATV brake system was 
examined using the finite element method (FEM). With a 
value of 297 MPa, the most optimized design showed the 
maximum stress. The most optimized brake lever, according 
to the stress–strain graph, has the greatest stress and highest 
strain value. However, aluminium alloy may be used to cre-
ate the lightest component.

Keywords  All-terrain vehicle · Lightweight material · 
SS410 and SS420 · Brake system · Brake callipers

 *	 Mohan Poojari 
	 mohanshiruru@gmail.com
1	 NITTE (Deemed to be University), Department 

of Mechanical Engineering, NMAM Institute of Technology, 
Nitte, Karnataka 574110, India

2	 NITTE (Deemed to be University), Department 
of Biotechnology Engineering, NMAM Institute 
of Technology, Nitte, Karnataka 574110, India

3	 Department of Mechanical Engineering, St Joseph 
Engineering College, Mangaluru, Karnataka 575028, India

http://orcid.org/0000-0001-7759-0932
http://crossmark.crossref.org/dialog/?doi=10.1007/s40033-024-00698-5&domain=pdf


	 J. Inst. Eng. India Ser. D

1 3

removed, the square-cut seals around the calliper pistons 
would want to revert to their former shape since they are 
deformed while the pistons move [6]. This aids in the pis-
tons’ small retractions, enabling the pads to retract from the 
rotors. Drum brakes require return springs, which are not 
needed in this situation. A wide variety of calliper models 
were investigated such as Bybre, Royal Enfield, WilWood, 
etc. After comparing their functioning, it was concluded 
that a dual-piston calliper with a piston on each side and 
side-mounted bleeding screws were optimum. WilWood and 
Vespa KBX were the choices available, but the WilWood 
callipers cost three times as much as Vespa. For this reason, 
the Vespa Calliper was selected. The Vespa KBX callipers 
have a pad width of 32 mm, a base length of 35 mm, and a 
total thickness of 7.5 mm. They have a weight of 500 g. Four 
of these have to be used, and suitable guidelines were given 
to the suspension team by the brakes team for designing the 
mounts on the wheel assembly further to build a stable and 
well-performing ATV.

A control mechanism called a master cylinder (MC) 
transforms non-hydraulic pressure typically generated by the 
driver’s foot into hydraulic pressure. The operation follows 
Pascal’s law, which states that force applied to the greater 
input area of a cylinder results in the exit of the cylinder 
being filled with a high-pressure fluid. There are two distinct 
hydraulic chambers in the tandem master cylinder [7–9]. In 
essence, this separates the hydraulic brake circuits into two. 
The car can still be stopped by using the other circuit if one 
of these stops working. While using a single brake circuit, 
the stopping distance was greatly enhanced. Among the car’s 
most crucial safety features is this one. When the brake pedal 
is depressed under normal circumstances, the brake fluid 
will transfer pressure to the front and rear brakes. For this 
purpose, an investigation of a wide range of MC models was 
done, and based on previous experience of building ATVs, 
BOSCH tandem MC was selected as they are simple in con-
struction and highly reliable, and more importantly, they are 
cheaper than most other options while functioning similarly.

There are two types of brake layouts, namely H split 
and X split. In H split brake, the front brake assembly was 
connected to one outlet of the master cylinder and the rear 
brake assembly to another outlet of the master cylinder. In 
the case of an X split brake, one front and one rear calli-
per are connected to one part of the brake master cylinder 
and the remaining two are connected to the other outlet of 
the master cylinder. If a master cylinder segment fails, the 
X split brake arrangement guarantees that at least either of 
the rear wheels remains under control (power wheels). This 
makes braking better and reduces the effect of the failure of 
the master cylinder. For this purpose, X split configuration 
was chosen [10]. The organization of the braking system 
and the pedal box was designed after performing multiple 
iterations. Research on all the components was done and 

the OEM components were chosen and ordered while plans 
for the design and fabrication of the custom components 
were made. Choosing the best brake calliper and master cyl-
inder models, brake calculations were done and the brak-
ing parameters were determined accordingly [11–14]. The 
design for the brake disc was done, and the design was ana-
lysed to determine its factor of safety (FOS) and thermal 
characteristics. The material for the brake disc was chosen, 
and fabrication was done using laser cutting. After all, seven 
brake discs were fabricated, and they have been mounted 
to the wheel assembly [15–17]. The design for the pedal 
box was done and analysed after choosing the appropriate 
material. It was then fabricated by laser cutting and welding 
processes. Once all components were acquired, the brake 
lines were assembled and connected to the callipers and the 
master cylinder. The pressure switch was connected to the 
brake splitter and brake light connections were done. The 
pedal box was welded to the chassis, and the brake bleeding 
process was done to circulate the brake fluid to the entire 
brake circuit. The braking performance was tested and tuned 
to get the best possible stopping distance (Fig. 1).

The main function of the brake rotor is to retard the 
motion of the wheel. Previously, the team had used OEM 
brake discs from a bike TVS Apache RTR 150. However, 
these discs were large and weighed 400 g each which meant 
the wheel assembly needed to be bigger and use of bigger 
wheel was necessary [18–20]. To overcome this, it was 
decided to design a custom break disc according to the 
dimension of the wheel, breaking torque needed and heat 
dissipation characteristics while having the goal of reducing 
weight. The factors that must be determined are the effective 
area of pads, the minimum thickness of brake disc for the 
OEM calliper, the maximum temperature of the material, 
steady-state thermal analysis (temperature in one stop), static 
structural analysis, and so on.

A simpler approach was followed to select the mate-
rial for the brake disc and it was looked into the industry 
standards and relied on literature. It is a well-known fact 
that when hardened, stainless steel resists corrosion more 
effectively. Therefore, it is an excellent option when resist-
ance to a moderately corrosive environment is required for 
the final application and good formability and high strength 
are required. There are different materials suitable for the 
fabrication of disc brakes. However, the choice was between 
SS410 and SS420; considering the all-terrain application 
of the vehicle and from looking into the properties, SS410 
was chosen over SS420 due to the following reasons. SS410 
has a lower hardness than SS420 in the heat-treated condi-
tion, but the hardness obtained in SS 410 was adequate for 
disc brake application in motorcycles. SS410 has a better 
combination of hardness and toughness [15, 21–23]. The 
corrosion resistance of SS410 was marginally better. The 
heat treatment process for SS410 was simpler than that for 
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SS420. Through induction hardening and quenching of the 
brake pad contact area on the disc, the required combination 
of hardness and toughness can be achieved comfortably with 
SS410. Special grades of SS410 with the addition of small 
elements, such as nitrogen, are available with consistent 
mechanical and thermal properties. The disc was designed 
in CATIA using the values obtained from calculations and 
dimensions obtained from information from the steering 
and suspension team. The properties of the material SS410 
and the disc parameters obtained from calculations [24] are 
mentioned in Table 1.

Calculating normal forces with weight transfer: First, the 
forces required for the disc analysis were produced by apply-
ing the equations of moments to calculate normal forces at 
steady-state (static or constant velocity). It also helped to 
determine the pedal ratio. After conducting multiple itera-
tions, the final values used are tabulated in Table 2.

SS410 sheets of 4.2  mm thick were purchased, and 
machining of the disc was done using a Laser cutting pro-
cess to obtain the high level of accuracy needed. The disc 
was screwed onto the wheel assembly at the mounting points 

and thread sealant was applied to arrest the motion of the 
screws. The calliper was then mounted to the wheel assem-
bly and further adjustments were made to maintain the gap 
between the pads and the disc. From past experience, it was 
observed that rubber brake lines are fragile and with the 
kind of conditions the brakes need to operate in, they are 
not suitable for the given application. Hence, steel braided 
brake lines and copper four-way brake splitters have been 
used to divide the circuit wherever necessary to obtain the 
X split configuration. One output per brake splitter was kept 
for the pressure switch which was needed for the brake light 
function [25–32].

Since no deviation from the rule book was allowed, the 
rule book requires us to provide a brake light which indicates 
when the brake pedal was pressed. For this, the hydraulic 
pressure switches have been provided in the brake circuit 
[33]. To monitor a process and produce an output when a 
predetermined pressure was attained, a pressure switch was 
used. To do this, a pressure switch applies process pressure 
to a piston or diaphragm, creating a force comparable to that 
of a range spring that has been pre-compressed. To find out 

Fig. 1   Braking system flow-
chart
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if there was fluid pressure, one uses a pressure switch. As the 
sensing element, most pressure switches employ a bellow or 
diaphragm. To sound an alarm or start a control action, this 
sensing element’s movement was utilised to trigger one or 
more switch connections. In this case, the pressure switch 
was used as a switch in the brake light circuit 2 pressure 
switches connected in series has been used. The brake light 

used was a 12-V LED element, and hence, a 12-V battery 
has been mounted using specially designed mounts (Fig. 2).

The pedal box has a general layout with the brake and 
accelerator pedal and master cylinder setup placed in the 
most functional position for driver comfort. The basis for 
the driver’s comfort was the ability of the driver to drive the 
ATV in an ergonomically comfortable position in off-road 

Table 1   Properties of SS 410 
and disc parameters

Properties of SS 410

Yield strength 0.2% offset Ultimate tensile 
strength

Elongation 
in 2 in

Hardness

Psi (MPa) Psi (MPa) % (max.)

42,000 290 74,000 510 34 96 Rb
Disc parameters
Disc outer diameter 175 mm
Disc thickness 4.2 mm
Material SS 410
Mounting bolt CSK M8 

20 mm Alan 
key

Convective holes 2 sets of 14
Distance of first hole set from centre 78 mm
Distance of second hole set from centre 68 mm
Convective hole diameter 6 mm
Number of slots 8
Outer radius of flower pattern 43.5 mm

Table 2   Brake values

Parameter Value Brake circuit parameters

Dynamic loads Front: 1678.5 N
Rear:1264.5 N
(Values taken based on vehicle weight, driver weight, maxi-

mum speed of the ATV and as per the SAE Baja rule book 
requirements)

Configuration Front-rear X split

Coefficient of friction between
Tyre and road surface

0.65–1 (Value taken as per the SAE Baja rule book require-
ments)

Master cylin-
der (bore, 
mm * stroke, 
mm)

Dual tandem (19.05 * 18)

Brake torque required per wheel Front: 185.507 Nm
Rear: 138.766 Nm

Calliper 
cylinder 
(bore * no 
of cylinder)

27mm2

Force required per calliper cylinder Front: 1203.02N Rear: 899.909 N Calliper pad Effective radii:96.375 mm
Area:8775.9mm2

Friction coefficient:0.4
Pedal force 400N (max) (Value taken based on driver foot pressure, stop-

ping distance, dynamic conditions of the ATV and as per the 
SAE Baja rule book requirements)

Brake fluid Dot 3

Pedal ratio 6:1
Pedal travel 127 mm (Value taken based on driver foot pressure, ergonom-

ics of the sitting posture, dynamic conditions of the ATV and 
as per the SAE Baja rule book requirements)
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conditions for continuous 5 h with smaller pit stops. Meas-
urements of the driver had to be taken so that to determine 
the driver’s reached for the complete actuation of the pedals. 
The pedal ratio for adding 150lbf to the master cylinders was 
taken into consideration while designing the brake pedal. It 
was also assumed that the actual force applied by the diver 
to the pedal was 400N. Hence, the pedal needs to withstand 
this load repeatedly; considering these considerations, the 
pedal was designed in CATIA [34–39]. The material chosen 
was 4130 sheet metal 3 mm thick as this material fits well 
considering the design parameters for the pedal to keep the 
weight as low as possible. To further reduce the weight, 
holes of different diameters were made in the pedal surface. 
Weight reduction of the ATV was of prime importance as 
it contributes to better manoeuvrability, increased perfor-
mance, and lesser fuel consumption, which was the basic 
criterion of an ATV. The pedal ratio was 6:1, and to accom-
modate this M8 hole provides the flexibility of obtaining the 
required pedal ratio and it was cut into the pedal frame so 
that the pivot point can be provided there. Bushing of 16 mm 
diameter was also provided to accommodate the pivot and 
spring. A M6 hole was provided at the top to bolt the MC 
plunger [40–44].

The pedal was cut machined using laser cutting and the 
footrest will be welded to the frame. Bushing will also be 
machined and welded to the frame. The accelerator pedal 

will only need 50 N to actuate hence the design can be made 
lighter by cutting a slot into the frame. A M8 hole was pro-
vided for the pivot bolt and 16 mm diameter bushing was 
made around it. A M6 hole was made for the mounting of 
the throttle cable to be attached. The pedals, pivot bolts, 
master cylinders, stoppers, and line attachments must be 
mounted to a single chassis pipe which was welded to the 
chassis. For this, the appropriate side plates and holes were 
designed. After the individual components were manufac-
tured, they were assembled and appropriate return springs 
and bolts were fixed [45–49]. The new pedal box produced 
was lighter and more reliable compared to the old vehicle. It 
was also comfortable and has proven its reliability over time.

Structural engineering challenges can be solved and 
quicker design decisions can be achieved with the help of 
ANSYS structural analysis software. Automation and cus-
tomization of the solutions to the structural mechanics issues 
is possible with the finite element analysis (FEA) tools. 
Answers can be parameterized to analyse various design 
scenarios. For even more fidelity, a quick link to different 
physics analysis tools is possible. Throughout the business, 
engineers have been utilizing ANSYS structural analysis 
software to optimize their product designs and lower the 
cost of physical testing.

Fig. 2   Brake pedal design and 
assembly (A—design; B—
accelerator pedal; C—mounting 
frame; D—pedal assembly)
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Results

ANSYS Workbench was used for the analysis of the disc.

Heat Flux = 27,000 W/m2

Material = SS 410
Coefficient of convection [5] = 230 W/m2 C
Clamping force = 3600 N
Braking torque: 230 Nm
Contact area = 8775.9 mm2.

On the outside border of the resultant displacement fields, 
as seen in Fig. 3, the maximum value was obtained. It was 
in the radial direction that the plate tends to distort the most. 
Moreover, a greater distortion causing surface waviness was 
seen in the normal direction close to the inner circumfer-
ence. It can move up to 0.244 mm in maximum. As seen in 
the image, the expansion grooves cause the plate to deform 
more tangentially. The material experiences plastic deforma-
tions because the stated thermo-mechanical load indicates 
the condition of the plate’s excessive loading.

A combination of mechanical and thermal loads was 
considered. The requirement data served as the foundation 
for defining the loading conditions. Normal pressure was 
created by the pistons and was then transferred to the stator 
disc. The normal force Fn = 285 kN acting on the top sur-
face of the rings expresses the load from the pistons. The 
typical direction of support was maintained for the bottom 
surface that was in contact with the stator. A friction force 
Ft = 64 kN operating in the circumferential direction was 
concentrated on the contact surface because there was fric-
tion between the stator and the ring. As the translational 
degrees of freedom in the tangential and radial directions 

were fixed, constraints have been set on the mounting slots. 
Figure 5 depicts boundary conditions [50–54].

The thermal load was factored in alongside the mechani-
cal load. Heat was produced during braking between the 
stator and rotor discs and was sent to the plate via the rings’ 
contact surfaces. Figure 4 displays the temperature fields 
that indicate the temperature load of the plates that were 
examined. The maximum temperature, 139 °C, was recorded 
on the friction surfaces, whereas the inner circle recorded 
the lowest temperature, around 80 °C. Both temperatures are 
well within the workability temperature limits of the selected 
material and with sufficient factor of safety. The structural 
FOS achieved was 3.22. There was an acceptable range for 
both values. High-strength stainless steel alloy, grade SS 
410, was used to make the pressure plate [55–60]. This type 
of steel was stronger than traditional structural steels and 
has superior mechanical and corrosion resistance [61–65]. 
Table 1 provides information on its mechanical characteris-
tics at room temperature (Figs. 5, 6).

A force of 400 N was applied on the footrest while con-
straining the pivot point for brake pedal analysis [66, 67].

Material of Pedal: AISI 4130
Tensile ultimate strength of material: 560 MPa
Tensile yield strength: 460 MPa
Factor of safety: 2.07
Maximum displacement: 1.2516 mm.

A force of 400  N was applied on the footrest while 
constraining the pivot point for accelerator pedal analysis 
[68–70] (Figs. 7, 8).

Material of Pedal: AISI 4130

Fig. 3   Structural analysis of 
brake disc
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Tensile ultimate strength of material: 560 MPa
Tensile yield strength: 460 MPa
Factor of safety: 1.39
Maximum displacement: 2.177 mm.

Conclusions

An innovative, efficient lightweight braking system was 
designed, analysed and manufactured for an ATV. The 

Fig. 4   Thermal analysis of 
brake disc

Fig. 5   FOS analysis of brake 
pedal

Fig. 6   Displacement of brake 
pedal
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structural analysis and thermal analysis of the brake system 
showed that the designed brake discs are well within the 
safer limits for efficient working considering the respec-
tive factor of safety. The structural FOS obtained was 3.22 
and the maximum temperature attained by the disc was 
139 °C, and these values are within the acceptable limit 
for the considered design inputs. FOS and displacement 
analysis of the brake pedal shows that the design was sat-
isfactory having a maximum displacement of 1.2516 mm 
for the considered loading and speed conditions. Analysis 
of the accelerator pedal with respect to FOS and having 
a maximum displacement of 2.177 mm shows the design 
was well within the considered norms and safe as per given 
load inputs. However, more research into materials can 
be done to increase the FOS of the parts. The cost of the 
disc brakes is higher when compared to the drum brakes. 
But, because the application was off-roading, safety was 
the top priority. Also, the braking distance obtained was 
2.21 m. DOT4 braking fluid was used as a standard. The 
design weight and model could be optimized for better 
performance. The parts could be manufactured using metal 
materials, and material testing can be done to get actual 
practical values than ANSYS analysis.
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