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ABSTRACT
The following work studies a conceptual design of a disc brake system. Disc
brakes offer higher performance braking, simpler design, lighter weight, and better
resistance to water interference than drum brakes. The aim of this conceptual design was
to increase the strength of the caliper, without increasing the weight of the caliper by a
large amount and reducing the thermal deformation at high operating temperatures. Since
titanium is difficult to machine the mono block design of conventional machined caliper
was not used in this work but an attempt was made to built a brake caliper with different
parts and assembled together to make a single unit. Also titanium parts used were
machined from plates with no complicated shapes to save on machining costs in future.
Since titanium has higher mass density care was taken while designing the new brake
system to keep the weight increase to minimum.
The existing brake caliper was analyzed for given load conditions with new
material suggested. The results were studied for displacements and stresses along with
thermal effects. The new modular caliper was analyzed for pressure and tangential loads
and the results were studied for displacements/deformation and stresses with temperature
effects.
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CHAPTER 1
INTRODUCTION
1.1 Background
In today’s growing automotive market the competition for better performance
vehicle in growing enormously. The racing fans involved will surely know the
importance of a good brake system not only for safety but also for staying competitive.
As we are aware of the fact that races are won over split of a second therefore the
capacity of the brake system to slow down quickly at turns or corners is very important.
The brakes designed for the purpose of racing need to have very high braking
efficiency. The wear and tear of the pads or the cost is not of great concern to the
manufacturer of the racing car brakes. Initially the automobiles employed drum brakes in
the cars. The main focus of this thesis is not for the passenger car technology but it
concentrates on the automotive racing industry, NASCAR, the Nation Association of
Stock Car Racing. NASCAR is a racing league similar to other racing leagues like
Formula 1. The words “Stock Car” are complete purpose built race cars whose only
similarity to the production vehicles replicate in exterior side profile. Major vehicle
systems are designed for their specific racing purposes [2]. The chassis used by the racing
car is full tube frame while that used on commercial vehicles is made of single body
frame. Another difference is the drive train; race versions have eight cylinder engines
with rear wheel drive whereas commercial vehicles are four or six cylinder engines with
front wheel drive.
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1.2 Vehicle Brake System
The main function of brake system is to decelerate a vehicle including stopping.
Brakes are an energy absorbing mechanism that converts vehicle movement into heat
while stopping the rotation of wheels. A typical vehicle braking system is shown in figure
1-1.

Figure 1-1: Vehicle brake system [5]
Driver exerts a force on brake pedal which is further amplified by power booster.
The force on brake pedal pressurizes brake fluid in a master cylinder; brake fluid is
designed for extreme conditions, generally a silicone based DOT5 brake fluid is
recommended. The hydraulic force developed by brake fluid is transmitted to a wheel
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cylinder or caliper at each wheel which is used to force friction material against the drum
or rotor. The friction between the friction material and rotating drum or rotor causes the
rotating part to slow down and eventually stop.
Two types of brake assemblies are in use, drum brakes and disc brakes. Drum
brakes generate braking force on the inner surface of brake drum, the force applied is
radially outward to contact the drum. The wheel-wheel studs are attached to the drum,
thus when the drum stops the wheel also stops. Referring figure 1-2 the working of drum
brake is explained. When brake pedal is pressed the pressure is exerted by wheel brake
cylinder against the leading and trailing brake shoes which presses them against the
rotating brake drum. Retracting spring is used in these types of brakes [6]. Drum brakes
require periodic adjustments. Drum brakes advantages include common available parts,
low cost parts. It also has some disadvantages such as the drum heats up and expands
away from the lining material increasing fading and drum brakes have lower efficiency in
wet braking action.

Figure 1-2: Drum brake system [6]
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The other types of brake used are disc brakes. In these types of brakes the braking
forces are generated by pistons squeezing friction material on both sides a rotor which is
attached to the wheel. The U shaped caliper is supported by stationary vehicle
components such as the suspension system [5][6]. A typical disc brake caliper is shown
in figure 1-3.

Figure 1-3: Disc brake system [6]
The Disc brake system has many advantages over drum brakes. The rotor of the
disc brake systems heats up during braking action. The major part of rotor is exposed to
air therefore there is sufficient air flow over brakes to dissipate the heat generated
resulting in cooling down of rotor easily. The rotor expands in the direction of the friction
material in disc brakes as opposed to drum brakes .The pressure applied on the rotor is
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more uniform resulting in even breaking action as compared with drum brakes. Since
water slides off the rotor surface wet stooping is also possible.
The disc caliper is further classified as floating and fixed caliper. A floating
caliper is shown in figure 1-4 .This types of brake uses only a single piston to squeeze the
brake pad against the rotor [6]. The reactive force shifts the caliper housing and presses
opposite side of braking pad against the rotor. Referring to figure 1-4, the brake fluid
pushes the piston when the brake is applied to the left the piston pushes the inner pads
and presses it against the rotor/disc, the sliding caliper housing reacts by shifting towards
right pushing the left pad against the disc.

Figure 1-4: Floating caliper design [6]
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A Fixed-caliper disc caliper is shown in figure 1-5. In these types of brakes the
caliper body is fixed and uses two or more pistons on each side of the rotor .The pistons
are located in each half section of the fixed caliper. Hydraulic pressure is applied during
braking to each of the piston. Each of the piston presses against the brake pad of brake
disc. When brakes are released, specially shaped piston seals retract the piston. These
types of brakes are used in race vehicles and heavy duty vehicles due to high physical
strength. Referring to figure 1-5, the brake fluid pushes the both pistons, when the brake
is applied which in turn pushes the left and right brake pads onto the disc squeezing it
thus stopping the rotor and vehicle.

Figure 1-5: Fixed caliper design [6]
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1.3 Disc Brake Piston Arrangement
The brake fluid enters the cylinder and pushes the piston along with the brake pad
against the rotor when the brake pedal is applied. When the brake is disengaged the brake
pads retracts from the rotor surface by virtue of pistons seals [1]. There is no special
piston retracting mechanism for this operation. The rotor rotates very close to the brake
pads almost touching the brake pads. The distance between the rotor and the brake pads is
about 0.006 inch in a disengaged position. The seal is designed in such a way that, the
seal distorts the same amount as the piston moves. The piston seals pull back the piston
when the brake force is removed .This is shown the in figure 1-6.

Figure 1-6: Piston retraction adjustment [1]
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If the distance between the pad and rotor increases due to pad wear, the piston moves a
distance greater than 0.006 inch. Due to this piston seal overload is overcome, pushing
the piston closer to the rotor. The retracting motion of the piston depends on how much
the seal distorts during braking action.

1.4 Disc Brake Rotors
Large amount of heat is produced in braking action as kinetic energy is directly
converted into heat energy .The large amount of heat can be seen in figure 1-7. This large
amount of heat needs to dissipate or absorbed efficiently to avoid over heating of the
brake system [5].

Figure 1-6: Heat generated during braking [5]
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Brake pads are rubbed against the rotating rotor generating large amount of
friction resulting in stopping of the vehicle. The rotor temperature can exceed 350 0F for
normal cars and 1500

0

F for race cars [5]. Rotor plays an important role in cooling

performance a braking system. For this purpose brake rotors are vented to allow
maximum air flow through the heated rotor. The internal vanes allow air to circulate
between two friction surfaces of the rotors as shown in figure 1-7. These vanes can be
straight vanes or directional vanes. Disc brake rotor design is a critical part of the brake
system design. This may include factors like heat resistance, high cooling factor and less
vibration [10]. Aluminum metal matrix composites brake rotors offers the light weight
advantage over traditional cast iron rotors [11]. These types of rotors can be used for
passenger vehicles where the temperature is less as compared with race cars.

Figure 1-7: Internal vanes in the rotor [6]
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A typical vented disc brake rotor along with the cut section model is shown in figure 1-8
Vanes

.
Figure 1-8: Vented disc brake rotor

1.5 Objective
On studying the background of brakes the main purpose of conducting this
research work was finalized. The main objective was to propose a conceptual design for a
disc brake caliper using new material Al 2219 and titanium, called a modular brake
caliper. The efficient working of brake system depends on how the brake behaves at high
temperatures. Thus the aim of the research work will be to reduce the thermal
deformation in the modular brake caliper. Since titanium is hard to machine, modular
caliper will be developed as an assembly instead of single block design.
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CHAPTER 2
LITERATURE REVIEW
The existing disc brake caliper is a make of Brembo, a popular brake system used
in racing cars. The existing model was studied to build a base for new caliper design. The
material study was done as to which material will suitable for the brake caliper.
2.1 Existing Brake Caliper
The Figure 2-1 shows a typical NASCAR brake system [2]

Figure 2-1: Conventional Brake Caliper
It can be observed that the major difference in the passenger car brake system
and this system is that the caliper has multiple pistons on both sides of rotor. These four
pistons are for applying uniform pressure to the rotor from the brake pads to increases the
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braking efficiency at high speeds. There is also difference in the material being used the
commercial design use cast iron for brake components while the material used by
NASCAR brakes is aluminum, this is used to reduce the weight of the system and
improves heat transfer out of the caliper. The caliper is like a C-clamp which squeezes
the pads onto the rotor to stop the rotor for braking action. The pistons are actuated by
hydraulic force of brake oil which is pushed against the pistons back, when the brakes are
applied. As discussed in section 1.3 the motion of piston is very less as the rotor is nearly
touching the brake pads all the times. The brake pads are glued to the baking plate against
which the piston pressure acts. Titanium inserts are used in between the backing plate and
piston to isolate the tremendous heat produced during braking action from caliper body.
One end of caliper is bolted to the suspension system. Different types of friction pads are
used depending upon the utility and application of brakes. The manufacturer generally
provides a card for the selection of pads. The most important physical property of brake
pads is they should be non fading.
2.2 Material Selection for Brake Caliper

The selection of material for design of any component is important. The material
selected needs to be compatible with the working environment of the product. The brake
caliper currently in NASCAR uses material 6061- T651 [2]. This material has good
corrosion resistance and weldability. The author in his thesis compares the different
types of material for use in brake caliper in terms of cost, machining process used,
thermal coefficient of expansion, tensile strength and young’s modulus.
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Al 2219- T 87 has a lower coefficient of thermal expansion, higher modulus of
elasticity, higher strength and good machinability as compared to 6061 alloy. The cost is
more but as the brake caliper is for racing cars the cost factor is not as great concern at it
would be in passenger cars. Based on the information and the comparison provided
aluminum alloy 2219 – T 87 will be used for design and analysis of the brake caliper.
Al 2219 is readily weldable and is useful for application in a temperature range of
-450 to 600 degree F [3]. It also has high fracture toughness and T8 temper has high
resistance to stress corrosion cracking. The other material used prominently in the new
caliper is titanium. Titanium is difficult to machine or weld but they perform well in high
temperature application [4].
2.3 Brake Pad Material [2] [1]
Brake pads material is very important for safe and consistent working of a vehicle
braking system. Brake pad material is generally classified into two categories asbestos
and metallic. Asbestos dust is proved to be a cancer causing agent therefore federal
regulations prohibited their use in the 90s. Metallic brake pad materials are classified as
low metallic and semi-metallic. All pad material begins to disintegrate at the friction
surface due to high heat generation process between the rotor and pad. Due to non
uniform pressure distribution between the pad and rotor, pad surface temperature will be
non uniform and the areas of higher temperature will have low friction level than that of
the lower temperatures. An exact analytical value of coefficient of friction between rotor
and brake pads is difficult to set [1]. SAE J661 procedure is used to determine the friction
coefficient for hot and cold surfaces. Disc brake pads should have certain amount of
porosity to minimize the effect of water on coefficient of friction. Important
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characteristics of brake pads are friction coefficient, wear rate, thermal conductivity and
strength and durability [7]. These porous contents should not store contaminating agents
like salts and wear particles [8]. Materials like aluminum boron carbide are found to be
best suited for automobile brake pad application [9]. It has high toughness and thermal
conductivity relative to other ceramics with better thermal shock absorbing capacity.
2.4 Thermal Study of Brake Caliper
During braking action the kinetic energy and the potential energy of the vehicle is
converted to thermal energy through friction between the brake pads and the rotor [1] [2].
This temperature rise depends on various conditions such as frequency of brake
application.

Overheating of brakes can cause brake fading. The heat developed is

dissipated to the cool air flowing over the brake by means of convection [12]. This
convection factor was considered for thermal analysis [13]. Race cars travel at much
higher speed than normal passenger cars. The kinetic energy goes up as the square of the
speed. Kinetic energy is expressed as
K.E = 12 mv

2

(2.1)

Where, m is the mass of an object and v is its speed. Going at twice the speed means four
times the kinetic energy because velocity gets squared .This large amount of KE gets
converted into large amount of heat energy .This tremendous amount of heat can damage
the brake components [14].This heat can affect the hydraulic fluid which operates the
pistons in the brakes. Therefore proper measures need to be taken for isolating the heat
from some parts of the brake caliper such as pistons [1]. Ti inserts were inserted between
piston and the backing plate to isolate the heat from the pistons. The author was able to

14

perform thermal analysis to study the temperature distribution on existing caliper. The
surface temperature of pads was known but the convection environment for caliper was
not known. The temperature rise in the caliper body was studied from the analysis it
could be seen that the rise in the caliper body was not more that 4000F. This value of
temperature will be used based on the authors work to evaluate the thermal stresses in
this thesis. The analysis results are shown in the figure 2-2, which shows the temperature
isolation of the caliper body due to titanium inserts.

Figure 2-2: Temperature Isolation Using Ti Inserts
Figure 2-3 shows the temperature distribution through the brake caliper body. It shows
that the temperature is not more than 350 0 F in any part of the caliper body. Considering a
repetitive braking action this temperature was used during stress analysis in the existing
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caliper as well as modular caliper, to find out thermal stresses induced in the caliper. To
reduce the time of analysis only half model of exiting brake caliper was analyzed.

Figure 2-3: Temperature distribution in existing caliper
2.5 Structural Analysis of Conventional Brake Caliper using Al 6061 [2]
The author conducted the analysis for the conventional brake caliper using
Al 6061 material. The caliper was loaded with tangential loading and pressure loading.
This is described in section 3.1. As seen from figure 2-4 the maximum stress induced in
the caliper is 24288 lbf/in2. The maximum displacement in Z direction as shown in figure
2-5 is 0.047 inch. Depending on this model the brake caliper was analyzed for a new
material Al 2219 as suggested in section 2.2. The detailed analysis results will be
discussed in section 3.1.
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Figure 2-4: Stresses in existing caliper with Al 6061 material [2]

Figure 2-5: Displacement in Z-direction in existing caliper with Al 6061 material [2]
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CHAPTER 3
ANALYSIS OF CONVENTIONAL CALIPER

3.1 Structural Analysis of Conventional Brake Caliper
As seen in section 2, the author suggested the use of Al 2219 for caliper
use instead of Al 6061. A linear static stress analysis is used for this purpose. The main
purpose of this analysis is the displacement of the caliper body than the stresses involved.
The assembly analysis would have consumed lot of time needlessly so only the caliper
body was analyzed. A pressure loading of 1500 psi is used for all the cylinders. The two
bolts are bolted to the suspension system so a fixed boundary condition was used to
represent them. The model used for analysis is shown in figure 3-1

Figure 3-1: Conventional caliper model used for FEA [2]
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There are two forces acting on the surface of the brake pads one is the normal force due
to the hydraulic pressure and the other is the tangential force. The tangential force gets
transferred to the trailing edge surface as shown in the figure 3-2.

Rotor direction
Leading Edge

Trailing Edge

Tangential load

Figure 3- 2: Conventional caliper loading and trailing edge

Force = Pressure x Area of each cylinder x coefficient of friction

Force exerted due to the larger Piston
F= Px

π
x (Dlarge) 2 x µ
4

F = 1500 x

(3.1)

π
x (1.731) 2 x 0.4= 1412 lb
4

Force due to smaller Piston
f=Px

π
x (Dsmall) 2 x µ
4

f = 1500 x

(3.2)

π
x (1.496) 2 x 0.4 = 1054.6 lb
4

Total tangential force = F + f = 1412 + 1054.6 =2466.6 lb
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(3.3)

The Meshed model with loads and constraints is shown is shown in figure 3-3

Tangential load

Pressure loading

Figure 3- 3 Model of conventional caliper with loads and constraints

The design parameters used for material Al 2219 is shown in Table 3-1 [3] [4].
TABLE 3-1: Physical properties of Al 2219

Physical Properties Al 2219
Mass Density ( lbf .s2/in/in3)

2.688 x 10-4

Modulus of Elasticity (lbf /in2)

10.7 x 106

Poisson’s Ratio

0.33

Shear Modulus (lbf /in)

3.92 x 106

Thermal coefficient of Expansion(1/oF)

12.5 x 10-6
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The color scale was set according to the yield strength of Al 2219 of 28000 psi. The
maximum Stress of 23153.4 lbf/in2 is shown in figure 3-4, which is lower than the yield
strength of the material.

Figure 3- 4: Stress distribution in conventional caliper

21

The displacement of the total caliper body can be obtained by obtaining the total
displacement of the caliper body. Figure 3-5, shows the displacement in the caliper. The
displacement is in one direction as the caliper is fixed on one side. The total value of
displacement is 0.013 inches.

Figure 3- 5: Displacement in conventional caliper
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The caliper undergoes two major deformations one is in the Z direction and the
other in the X direction. The Z direction displacement is a sort of bulging effect while the
X displacement occurs due to the tangential forces acting due to friction and pressure.
The maximum Z –direction displacement corresponds to the loading in axial direction is
shown in figure 3-6 .The maximum displacement is 0.0047 inch in z direction. The
maximum displacement in negative Z direction is 0.009 inch.

Figure 3- 6: Displacement in Z direction in conventional caliper
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The maximum X –direction displacement is shown in figure 3-7. The maximum
displacement is 0.0016 inch in X direction. The maximum displacement in negative X
direction is 0.0048 inch.

Figure 3- 7: Displacement in X direction in conventional caliper
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3.2 Structural Analysis of Conventional Caliper with Thermal Effects

Tremendous amount of heat is generated in braking action. The same boundary
conditions and loads were applied to the new design. Brake caliper was analyzed at a
nodal temperature of 300

0

F. Figure 3-8 shows the stress levels in the caliper. By

applying fixed boundary conditions zero displacement is allowed on those nodes. When
stress is applied to these elements it will try to elongate in one direction and contract in
the other in accordance to poisons rule. Therefore artificial stress is induced near the
mounting bolts. These stresses can be neglected [2].

Figure 3- 8: Stresses in conventional caliper including thermal
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The displacement is in one direction as the caliper is fixed on one side. Figure 3-9 shows
the displacement in the caliper. The total value of displacement is 0.06 inches. This
displacement is a addition of displacements in X and Z directions

Figure 3- 9: Displacement in conventional caliper including thermal
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The maximum Z –direction displacement corresponds to the loading in axial
direction is shown in figure 3-10. The maximum displacement is 0.025 inch in z
direction. The maximum displacement in negative Z direction is 0.048 inch.

Figure 3- 10: Displacement in Z direction conventional caliper including thermal
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The maximum X –direction displacement is shown in figure 3-11. The maximum
displacement is 0.013 inch in X direction. The maximum displacement in negative X
direction is 0.021 inch.

Figure 3- 11: Displacement in X direction conventional caliper including thermal
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CHAPTER 4
MODULAR CALIPER DESIGN

The new modular caliper used the base of conventional brake caliper. The main
objective of the design was to increase the strength of the caliper without increasing the
weight of the caliper by a large amount, taking displacement and stress into account and
also making a brake caliper with an assembly instead of a single block manufacturing.
This concept of is proposed in the new design. Al 2219 and Titanium is used for the new
caliper design.
4.1 Design Concept

This conceptual design was based on making a brake caliper stronger with the use
of titanium. Since titanium is difficult to machine an attempt was made to keep the
titanium parts as simple as possible, avoiding complex geometry, so that they can be
manufactured using water jet cutting. Since titanium has a higher density than aluminum
the weight of the titanium caliper would be more than that of aluminum counterpart.
Keeping this in mind unwanted material use was eliminated during designing this caliper
so that the weight of the caliper is kept to its minimum. Especially in race vehicles where
the races are won over a fraction of second, weight to power ratio is very critical and
always better means and methods need to be devised to control it. In NASCAR league
there are weight restrictions for all the vehicles, the weight of the all racing cars must
meet the uniform weight requirements. Keeping the weight increase of brake caliper
within a limit can be better justified if we study its effect on the unsprung mass of the
vehicle. The sprung mass is the mass of the vehicle supported on the suspension system,
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while the unsprung mass is defined as the mass between the road and the suspension
system (springs). The mass of the wheel and components that are supported directly by
the wheel, and considered to move with the wheel, but not carried by the suspension
system is considered to be unsprung mass. The brake caliper assembly is attached to the
steering knuckle and the suspension of the vehicle, therefore it adds to the unsprung mass
of the vehicle. The mass of caliper acts against the suspension. Therefore the increase in
unsprung weight affects the handling and stability of the vehicle. Increase in unsprung
mass causes increase in force acting on the suspension and chassis thus reducing the tire
grip on the road. Whenever the vehicle encounters a bump on a road or vertical
acceleration, the acceleration is applied to the wheel assembly. If this resulting force is
large enough then it causes loss of contact between road and tire resulting in loss of
traction. So an attempt of keeping the weight increase to its minimum was made while
designing the new system .The next objective of this thesis was to try to build the caliper
in an assembly pattern instead of a single block design. The existing brake caliper is
shown in figure 4-1.
Mid block

Side blocks

Figure 4-1: Conventional brake caliper
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Figure 4-2 shows the new modular caliper. The assembly consists of two different
side blocks housing the pistons. The material for side blocks is Al 2219. The Side plates
supporting the side blocks are made of titanium. The left part and the right part of the
caliper are assembled together using titanium stoppers. The Z-shaped stoppers were used
specifically to increase the assembly resistance against loading due to rotation of the
rotor.

Side plates

Stoppers

Figure 4-2: Modular brake caliper assembly
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The other option for the stopper was using straight stoppers parallel to each other,
connecting the two side titanium plates. The unique Z shape was selected for maximum
strength, as this shape allows maximum material per stopper and increases the overall
stiffness of the structure. Since the caliper is fixed to the vehicle through the clamping
holes on the left hand side, the right side of the caliper has a tendency to move
fractionally in the direction of rotor motion on application of brake as seen in figure 4-3.
The stopper shape also resists this motion.

Left plate
Right plate

Rotor direction

Figure 4-3: Stoppers used to connect side plates
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4.2 Modular Caliper Assembly

The detailed assembly of the modular brake caliper is shown in figure 4-4.

Stopper

Side plate

Side block
Large Piston + Ti insert

Backing Plate

Small Piston + Ti insert
Brake Pad

Tube Nut
Tube

Figure 4-4: Detailed modular brake caliper assembly

The two side blocks that enclose piston cylinders are attached to the side plates using
titanium nut bolts. The left hand side housing is bolted from two holes to suspension
assembly. The four pistons two on each side push the brake pads on to the rotor when the
brake is applied. The tube is fixed to the caliper leading edge with the help of tube nuts
and a sleeve to guide it. The tube is useful for circulation of brake fluid in side the
cylinder bores.
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Figure 4-5 shows the internal structure of brake caliper. Here we can see
the pistons/seal arrangement and the holes provided for brake fluid to pass in the piston
cylinders.

Figure 4-5: Internal structure of modular brake caliper assembly
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Effective braking requires the pads to be pressed against the rotor as uniformly as
possible [1]. Uniform pressure between the pad and rotor results in uniform pad wear,
brake temperature and more stable friction coefficient between pad/rotor. In racing cars
especially at high speeds non uniform pressure wears the brake pads unevenly. Pad wear
is more at the leading end, where the rotor enters the caliper, than the trailing end where
the rotor exits as shown in figure 4-6.

Large piston (Trailing End)

Small piston (Leading End)

Rotor Direction

Figure 4-6: Leading-Trailing end in modular brake caliper

This is caused by higher pressure between the pad and rotor at the leading end than the
trailing end. This is caused by the lever arm between pad drag force and abutments force.
This results in tapered pad wear. For reducing the tapered wear two different sized
pistons are used, with the smaller piston located at the leading end and the larger piston
located at the trailing end. The brake pads are mounted on the backing plate as a subassembly. This subassembly is connected to the pistons with titanium inserts in between
them .The pistons and backing plate are separated by the titanium inserts as for
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temperature isolation which will be discussed in section 5.1. The two side plates are
bolted with stoppers in between them with the help of titanium bolts. The rotor rotates
with a very small clearance with the brake pads. The brake pads are pushed onto the rotor
surface when the brakes are applied. Four abutments plates are fixed on left and right end
to support the brake pad and backing plate assembly. These plates are made of sheet
metal steel. The abutments plates are fixed to the caliper body on four pad blocks using
screws. The pad blocks are bolted to the side plates. The total arrangement is such that
the pad-backing plate assembly can slide forward and backward between the left-right
abutments plates. The figure 4-7, shows the half section of the caliper showing the two
abutment plates on right and left side.

Abutment plates

Pad Block

Pad Motion

Figure 4-7: Details of abutment plates and pad-backing plate assembly
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The pistons are also made of Aluminum. The exploded view of the whole brake assembly
is shown in figure 4-8. Here all the parts can be seen and a general idea of the assembly
procedure can be understood.

Figure 4-8: Exploded view of the modular caliper assembly
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The assembly view of the caliper and vented rotor is shown in figure 4-9. The Slotted
rotor is used for cooling purposes. The detailed drawing views of each part used in
caliper assembly are shown Appendix B.

Figure 4-9: Modular caliper and rotor assembly
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CHAPTER 5
ANALYSIS OF NEW MODULAR CALIPER

5.1 Thermal Study of Modular Brake Caliper

As described in section 2.2 the thermal analysis of modular brake caliper was
performed. To reduce the analysis time half model was analyzed. The model used for
thermal analysis is shown in figure 5-1

Figure 5-1: Half -Modular brake caliper used in thermal analysis

The parts included into the model were the side block, side plate, pad blocks, abutments
plates, pistons, titanium inserts, backing plate, brake pad and nut- bolts. The stoppers
were eliminated to reduce analysis time (Figures 4-4 & 4-7). This model was transferred
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to ALGOR for analysis. A very fine absolute mesh size of 0.07 was used to obtain
accurate results .The meshed model is shown in figure 5-2.

Figure 5-2: Meshed model for thermal analysis for modular caliper

The design parameters used were mass density, specific heat and thermal
conductivity. The surface pad temperature was known to be 1600 0 F [2]. The temperature
of inside diameter of the caliper body (the lower part of the caliper) was assumed to be
200 0 F. The temperature of outside diameter of the caliper body (the upper part of the
caliper) was assumed to be 140 0 F. The results of the thermal analysis can be seen in
figure 5-3. It can be seen that how well the titanium inserts play a role of temperature
isolator. They insulate the heat developed at the pad surface from the rest of the caliper
body parts effectively as shown in figure 5-4.The temperature of 1600 0 F is reduced to
around 300 0 F at the pistons and beyond.
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Figure 5-3: Temperature analysis results

Temperature
distribution in
Ti inserts

Figure 5-4: Temperature isolation by titanium inserts
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Figure 5-5: Temperature distribution in modular caliper

As seen from the figure 5-5, the temperature rise in the body was not more than 300 0 F.
This temperature will be used as maximum temperature condition while determining
thermal stresses in the caliper.
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5.2 Structural Study of Modular Brake Caliper

The important aim of this study was to find out displacement in the new caliper.
The new design proposed was analyzed using ALGOR software for displacements and
stresses. The model used for analysis is shown in figure 5-6.

Figure 5-6: Modular brake caliper model used for FEA

Since the primary objective of the analysis was the structural analysis of the caliper main
body, the only caliper parts taken into consideration were the two side blocks, the
stoppers, nut bolts, Side plates and pad plates (see figures 4-4 and 4-7).
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The model was meshed with an absolute mesh size of 0.07. The meshed model is shown
in figure 5-7.

Figure 5-7: Meshed modular brake caliper model

Fixed boundary conditions were used for the mounting holes representing the
caliper body fixed with the vehicle body. The loads acting on the caliper structure were of
two types the pressure loading acting on inside the cylinder and the tangential force
loading acting on the trailing pad blocks. When the brakes are applied the brake pad
pushes onto the rotating rotor, the pad along with the backing plate are pushed in a
tangential direction which results in the tangential loading. A pressure loading of 1500
psi was used [2]. The tangential force was calculated.
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Small cylinder

Large cylinder

Leading Edge

Trailing Edge

Force = Pressure x Area of each cylinder x coefficient of friction.

Force exerted due to the larger Piston

F = µx p x

π
x (D) 2
4
Tangential force
Rotor direction
Figure 5-8: Pad loading with trailing edge in modular caliper

Force = Pressure x Area of each cylinder x coefficient of friction

Force exerted due to the larger Piston
F=Px

π
x (Dlarge) 2 x µ
4

F = 1500 x

π
x (1.337) 2 x 0.4 = 842.371 lb
4

Force due to smaller Piston
f=Px

π
x (Dsmall) 2 x µ
4

f = 1500 x

π
x (1.181) 2 x 0.4 = 657.26 lb
4

Total tangential force = F + f = 842.371 + 657.26 =1499.6 lb
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Fixed Mounting Holes

Tangential Load

Pressure Load inside
the Cylinder

Figure 5-9: FEM model with loads and constraints in modular caliper

Using the above information the static stress analysis is performed to evaluate
displacement and von misses stresses. The FEM model is shown in figure 5-9. The design
parameters used for two materials Titanium and Al 2219 are shown in Table 5-1 [3] [4].
TABLE 5-1: Physical Properties of Aluminum and Titanium

Physical Properties

Al 2219

Titanium

Mass Density ( lbf .s2/in/in3)

2.688 x 10-4

4.21 x 10-4

Modulus of Elasticity (lbf /in2)

10.7 x 106

16.825 x 106

Poisson’s Ratio

0.33

0.34

Thermal coefficient of Expansion(1/oF)

12.5 x 10-6

4.9444 x 106
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The Brake caliper will be analyzed for cold and hot working conditions. The important
results of this analysis were the displacement in X (longitudinal direction) and Z (axial
direction).
5.3 Structural Analysis of Modular Brake Caliper

The overall displacement of the caliper is shown in figure 5-10. The
maximum displacement in the brake caliper is 0.039 inches. The displacement on the left
hand side is zero because of the fact that the caliper is fixed with the steering knuckle
(vehicle body) through the mounting holes. The maximum displacement occurs around
the trailing edge area which is not fixed with the vehicle body.

Figure 5-10: Overall displacement in the modular caliper
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The overall deformation of the caliper at the exaggerated scale factor 5 is shown
in figure 5-11. The undeformed shape of caliper is shown in a transparent form while the
deformed shape is shown in solid form.

Rotor motion

Undeformed shape

Deformed shape

Figure 5-11: Displaced model of the modular brake caliper
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The maximum Z –direction displacement corresponds to the loading in axial
direction is shown in figure 5-12. The maximum displacement is 0.004 inch in z
direction. The maximum displacement in negative Z direction is 0.02 inch.

Figure 5-12: Nodal displacement in Z direction of the modular brake caliper
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The maximum X –direction displacement corresponds to the loading in axial
direction is shown in figure 5-13. The maximum displacement is 0.001 inch in X
direction. The maximum displacement in negative X direction is 0.01 inch.

Figure 5-13: Nodal displacement in X direction of the modular brake caliper
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5.4 Structural Analysis of Modular Caliper with Thermal Effects

As the brake is operated it gets heated with repetitive braking, therefore the
thermal -stress analysis was performed. The new analysis was performed similar to the
one in section 5.1. The same boundary conditions and loads were applied to the new
design. This analysis of brake caliper was performed at a nodal temperature of 300 0 F.
Figure 5-14 shows the stress levels in the caliper. The artificial high stresses around the
mounting holes are eliminated as described in section 3.2.

Figure 5-14: Stress in modular brake caliper including thermal effects
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Since the side blocks are made of aluminum it will be expanding in high temperature
environment. The caliper is mounted through the mounting holes on to a rigid suspension
system, therefore as the caliper heats up high thermal stress and displacement will be
induced at the areas near the mounting holes
The overall displacement of the caliper is shown in figure 5-15. The maximum
displacement in the brake caliper is 0.05 inches. The displacement on the left hand
side(mounting holes side) is zero because of the fact that the caliper is fixed with the
steering knuckle (vehicle body) through the mounting holes. The maximum displacement
occurs around the trailing edge area which is not fixed with the vehicle body.

Figure 5-15: Displacement in the modular brake caliper including thermal effects
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The maximum Z –direction displacement corresponds to the loading in axial
direction is shown in figure 5-16. The maximum displacement is 0.006 inch in z
direction. The maximum displacement in negative Z direction is 0.04 inch.

Figure 5-16: Z Displacement in the modular brake caliper including thermal
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The maximum X –direction displacement corresponds to the loading in axial
direction is shown in figure 5-17. The maximum displacement is 0.007 inch in X
direction .The maximum displacement in negative X direction is 0.02 inch.

Figure 5-17: X Displacement in the modular brake caliper including thermal
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Discussion and Conclusion
The detail review of the thesis will lead one to understand that essentially a new
conceptual caliper design was proposed to decrease the thermal deformation at high
temperatures. The modular caliper is an assembly unit made up of simple and easy to
manufacture parts. The machining cost will be reduced as compared with the monoblock
unit. As seen in section 2.1 the suggested material for brake caliper was Al 2219. The
existing caliper was analyzed with a new material Al 2219-T87 for Stress and
displacement. The Existing caliper was first analyzed at cold working conditions without
taking into account the effects of thermal expansion. The stresses and displacements were
noted (section 3.1). The maximum stress was lower for Al 2219 than the Al 6061 brake
caliper. This result coupled with the discussion in 2.1 confirmed the use of Al 2219 for
the new brake caliper. The existing brake was analyzed at 300 0F. The caliper showed
high thermal stresses and displacement as compared with the previous case (section 3.2).
This is due to the thermal expansion of caliper body.
The modular design was analyzed without considering the effects of thermal
expansion (section 5.3). This is done to study the amount of deformation due to tangential
force and pressure loading. These results were used to study the increase in deformation
in the caliper at high temperatures. The modular brake was then analyzed using a nodal
temperature of 300 0F. The displacement increased as compared with the previous case.
This is due to the thermal expansion of the individual parts in the assembly. Since race
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cars brakes always operate at high temperature the thermal deformation /displacement
results are important. The thermal displacement in the modular caliper is lower than the
conventional caliper by 8.56 % (section 5.4). This is shown in table 6-1.
TABLE 6-1: Displacements/deformation in calipers
Cases

Overall Displacement

Conventional caliper Al 2219 without temperature

0.01360 in

Conventional caliper Al 2219 with temperature

0.06015 in

Modular brake caliper without temperature

0.039 in

Modular brake caliper with temperature

0.055 in

6.2 Recommendations

This brake caliper was proposed as a primary attempt to provide a brake caliper
with less thermal deformation and taking into account manufacturing part of the design.
The titanium used in the new brake caliper has increased the weight of the caliper by
around 10 %. As this design was a conceptual design works need to be done regarding
the reduction in weight of the caliper which can be probably done by removing material
in areas where there is less stress. As the modular caliper is an assembly of different parts
tests needs to be performed for how much vibration is induced in the caliper body.
Vibration analysis can be done to further prove the effectiveness of new design. Though
this design has been recommended for NASCAR application, these types of type’s brakes
with some modification can be used for passenger cars. The multi- piston arrangement
can be useful for uniform pressure distribution between the brake pad and rotor. With
continuous research and development effective brakes can be developed for race cars as
well as passenger cars in future.
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APPENDIX A

Design Analysis

Created By
Nikhil Wagh
Mechanical Engineering
Project created on 7/13/2005.
Last updated on 9/1/2005.
Project checked on 9/1/2005.

Summary
Description
Modular Caliper analysis

Model Information
Analysis Type - Static Stress with Linear Material Models
Units - English (in) - (lbf, in, s, deg F, deg R, V, ohm, A, in*lbf)
Model location - E:\Nikhil Wagh Thesis\Thesis\Calipers\block-brake
skeleton\SKELETAL FINAL\TRIAL FEM 3\SKELETAL FEM
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Analysis Parameters Information
Load Case Multipliers
Static Stress with Linear Material Models may have multiple load cases. This allows a
model to be analyzed with multiple loads while solving the equations a single time. The
following is a list of load case multipliers that were analyzed with this model.

Load
Case
1

Pressure/Surface
Forces
1

Acceleration/Gravity
0

Multiphysics Information
Default Nodal Temperature

0 °F

Source of Nodal Temperature

None

Time step from Heat Transfer Analysis

Last

Processor Information
Type of Solver

Automatic

Disable Calculation and Output of Strains

No

Calculate Reaction Forces

Yes

Invoke Banded Solver

Yes

Avoid Bandwidth Minimization

No

Stop After Stiffness Calculations

No

Displacement Data in Output File

No

Stress Data in Output File

No

Equation Numbers Data in Output File

No

Element Input Data in Output File

No

Nodal Input Data in Output File

No

Centrifugal Load Data in Output File

No
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Displaced
Boundary
0

Thermal Voltage
0

0

Part Information
Part
ID
1
2

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

Part Name

LAST Internal Left Plate:1
LAST Internal right Plate
NEW1:1
LAST STOPPER 1 FLAT:1
LAST STOPPER 1 FLAT:2
LAST STOPPER 2 FLAT:1
LAST STOPPER 2 FLAT:2
LAST STOPPER 3 FLAT:1
LAST STOPPER 3 FLAT:2
LAST STOPPER 4 FLAT:1
LAST STOPPER 4 FLAT:2
LAST STOPPER 5 FLAT:1
LAST STOPPER 5 FLAT:2
Long Screw1:1
Long Screw1:2
Long Screw1:3
Long Screw1:4
nut:1
nut:2
nut:3
nut:4
Short Screw:1
Short Screw:2
Short Screw:3
Short Screw:4
Short Screw:5
Short Screw:6
Short Screw:7
Short Screw:8
Short Screw:9
Short Screw:10
Short Screw:11
Short Screw:12
Short Screw:13
Short Screw:14
Short Screw:15
Short Screw:16
LAST LEFT EXT PLATE:1
LAST RIGHT EXT PLATE
new:1

Element
Type
Brick
Brick

Material Name

Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick

Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
[Customer Defined] (Part
37)
[Customer Defined] (Part
38)

Brick
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Titanium, Ti
Titanium, Ti

39

padplate:1

Brick

40

padplateleft:1

Brick

41

padplate-rightlarge:1

Brick

42

padplate-rightsmall:1

Brick

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

LAST Middle Screw new:9
LAST Middle Screw new:10
LAST Middle Screw new:11
LAST Middle Screw new:12
LAST Middle Screw new:13
LAST Middle Screw new:14
LAST Middle Screw new:15
LAST Middle Screw new:16
nut:14
nut:15
nut:16
nut:17
nut:18
nut:19
nut:20
nut:21

Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
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[Customer Defined] (Part
39)
[Customer Defined] (Part
40)
[Customer Defined] (Part
41)
[Customer Defined] (Part
42)
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti
Titanium, Ti

Element Properties used for:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

LAST Internal Left Plate:1
LAST Internal right Plate NEW1:1
LAST STOPPER 1 FLAT:1
LAST STOPPER 1 FLAT:2
LAST STOPPER 2 FLAT:1
LAST STOPPER 2 FLAT:2
LAST STOPPER 3 FLAT:1
LAST STOPPER 3 FLAT:2
LAST STOPPER 4 FLAT:1
LAST STOPPER 4 FLAT:2
LAST STOPPER 5 FLAT:1
LAST STOPPER 5 FLAT:2
Long Screw1:1
Long Screw1:2
Long Screw1:3
Long Screw1:4
nut:1
nut:2
nut:3
nut:4
Short Screw:1
Short Screw:2
Short Screw:3
Short Screw:4
Short Screw:5
Short Screw:6
Short Screw:7
Short Screw:8
Short Screw:9
Short Screw:10
Short Screw:11
Short Screw:12
Short Screw:13
Short Screw:14
Short Screw:15
Short Screw:16
LAST LEFT EXT PLATE:1
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•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

LAST RIGHT EXT PLATE new:1
padplate:1
padplateleft:1
padplate-rightlarge:1
padplate-rightsmall:1
LAST Middle Screw new:9
LAST Middle Screw new:10
LAST Middle Screw new:11
LAST Middle Screw new:12
LAST Middle Screw new:13
LAST Middle Screw new:14
LAST Middle Screw new:15
LAST Middle Screw new:16
nut:14
nut:15
nut:16
nut:17
nut:18
nut:19
nut:20
nut:21

Element Type:

Brick

Compatibility:

Not Enforced

Integration Order:

2nd Order

Stress Free Reference Temperature: 0 °F

Material Information
Titanium, Ti - Brick
Material Model:

Standard

Material Source:

Algor Material Library

Material Source File:

C:\Program Files\ALGOR\MatLibs\algormat.mlb

Date Last Updated:

2004/10/28-16:02:00

Material Description:

None

Mass Density:

0.00042108 lbf*s^2/in/in³

Modulus of Elasticity:

16825000 lbf/in²
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Poisson's Ratio:

0.34

Shear Modulus of Elasticity: 6277985.1 N/m²
Thermal Coefficient of Expansion:

0.0000049444 1/°F

[Customer Defined] (Part 37) - Brick
Material Model:

Standard

Material Source:

Not Applicable

Material Source File:
Date Last Updated:

2005/07/13-11:00:41

Material Description:

Customer defined material properties

Mass Density:

2.688e-4 lbf*s^2/in/in³

Modulus of Elasticity:

10.7e6 lbf/in²

Poisson's Ratio:

0.33

Shear Modulus of Elasticity:

3.92e6 lbf/in²

Thermal Coefficient of Expansion:

12.5e-6 1/°F

Load and Constraint Information
Loads
Load Set 1: Unnamed

Surface Forces
ID Description Part ID Surface ID Magnitude Vx Vy Vz
1
Unnamed
41
4
-1499.6
1
0
0
2
Unnamed
40
24
-1499.6
1
0
0
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Surface Loads
Part ID
37
37
37
37
37
37
38
38
38
38
38
38

Surface ID
37
38
79
80
86
87
22
23
26
33
34
35

Element Type
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick
Brick

Type
Uniform Pressure
Uniform Pressure
Uniform Pressure
Uniform Pressure
Uniform Pressure
Uniform Pressure
Uniform Pressure
Uniform Pressure
Uniform Pressure
Uniform Pressure
Uniform Pressure
Uniform Pressure

Parameters
1500 lbf/in²
1500 lbf/in²
1500 lbf/in²
1500 lbf/in²
1500 lbf/in²
1500 lbf/in²
1500 lbf/in²
1500 lbf/in²
1500 lbf/in²
1500 lbf/in²
1500 lbf/in²
1500 lbf/in²

Constraints
Constraint Set 1: Unnamed

Surface Boundary Conditions
ID

1
2
3
4

Description Part
ID
Unnamed
37
Unnamed
37
Unnamed
37
Unnamed
37

Surface
ID
64
65
66
67

Tx

Ty

Tz

Rx

Ry

Rz

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
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