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Abstract: High-power bicycle disc braking can create excessive temperatures and boiling brake
fluid, resulting in performance degradation and damage. The goal of this work is to understand
brake friction performance and thermal behavior for bicycle disc brakes. A previously described
disc braking dynamometer is used to assess brake pad performance of sintered metallic brake pads,
organic brake pads, and ‘power’ organic pads in up to 400 W of braking power. The friction
coefficient is found to be dependent on both temperature and normal force. Friction curve fits are
provided for temperatures between 300 K and 550 K. Organic and ‘power’ organic pads are found
to have similar behavior, and have higher friction coefficients compared to metallic pads. Further,
brakes on an instrumented bicycle are tested in outdoor field trials during downhill descent. A
MATLAB thermal model successfully predicts the downhill field brake disc temperatures when
using the friction data curve fits.
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1. Introduction

The goal of this work is to understand bicycle brake pad friction for several different types of
bicycle brake pads (metallic, organic, and ‘power’ organic). The choice of friction material depends
heavily on the course type, and the brake use needed for the given course. A process is presented
where course data (via data logging velocity and elevation from a smartphone, for instance) is used
to determine the bike’s energy state, and corresponding instantaneous braking power. Alternatively,
braking power is determined from recorded bicycle speed and brake line pressure, by using the
friction coefficient data obtained by dynamometer tests. The braking power from either method is
then entered into a MATLAB numerical heat transfer simulation to predict a braking temperature
history. Combining friction data from dynamometer tests, energy and heat transfer models, and
outdoor bicycle experiments enable a better understanding of braking systems.

2. Materials and Methods

2.1. Experimental Dynamometer

A previously documented brake dynamometer [1] has been upgraded to include a larger geared
electric motor, a brake line pressure transducer, and the ability to convectively heat the brake disc.
The updated experimental setup is shown in Figure 1. The geared electrical motor turns the bicycle
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disc brake through a torque sensor. The disc rotational speed is measured by a slotted optical sensor,
and a hydraulic caliper and brake pad assembly provide the braking torque. The hydraulic pressure
is recorded via a pressure transducer. A multichannel data acquisition system records sensor values
at 25 Hz.
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Figure 1. Brake dynamometer experimental setup: (a) Overall setup and data collection equipment;
(b) the brake disc and contact thermocouple.

The dynamometer setup allows the torque, rotational speed, disc temperature, and brake line
pressure to be recorded for various levels of braking. Tests were conducted by starting at room
temperature and increasing brake pressure manually until the maximum achievable braking power
was reached (approximately 350 W), after which brake pressure was reduced to zero, and the process
repeated. As the cycles accumulated, the brake disc temperature increased. Tests were halted at
approximately 550 K in order to prevent boiling of the brake fluid. The test data were converted into
calculated braking power, normal brake pad force, and braking force at the brake pads.

2.2. Bicycle Testing

A mountain bicycle was outfitted with a smartphone data logger (for GPS speed and barometric
pressure), a front brake line pressure transducer, the sliding thermocouple from the dynamometer
tests and a secondary data logger for the transducer and thermocouple. The power organic pads and
corresponding rotor from the brake dynamometer test were used for outdoor testing, due to their
good friction performance. Brake pressure and disc rotor temperature were recorded as the rider
coasted downhill and applied the front brake. The 1.6 km course had 80.8 m of elevation decrease
from start to finish (5% grade). Trials were conducted during periods of low wind and without
pedaling with a combined bicycle and rider mass of 90.7 kg.

2.3. Numerical Model

A previously documented transient MATLAB thermal model [1] for bicycle braking was
enhanced to include the ability to import braking power data from the outdoor bicycle brake tests
(see Section 2.2). The MATLAB thermal model requires brake thermal parameters (convective
coefficients, disc geometry) and transient brake power data. It outputs a prediction of bicycle disc
temperature and the relative contribution of the disc, disc spokes, and brake pad heat rejection
capability. Convective coefficients and methods for accounting for disc geometry and heat transfer
modeling between components were already derived and presented in the prior work [1]. The disc
convective coefficients from the prior work are used here with a modification to account for air
density using a Reynolds number to the 4/5th power dependence. The braking power Porake during a
time interval At for outdoor tests was calculated using one of two methods: (Method 1) via
calculation from brake pressure data, measured speed, and dynamometer friction data, and (Method 2)
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determined from a bicycle and rider system energy balance. The energy balance equation is similar
to other energy models [2]:

AEpotenﬂ'al + AEkinetic + AEinertial + AP‘rolling resistanceAt + APair resistanceAt + APavg brakeA"L =0 (1)
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Above, m is mass (kg), g is the local acceleration due to gravity (m/s?), h is the bicycle elevation
(m), V is the velocity (m/s), I is the total wheel rotational inertia (kg'm?), Q is the angular acceleration

(rad/s), Frouing is the rolling resistance force (N), p is air density (kg/m?3), Cpis drag coefficient, and A
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is bicycle/rider frontal area (m2). The rolling resistance force is Fyoping = Crmg = (3.67 - 10™* ((Vesae +
V:)/2)? +7.213 - 1073)mg, where the expression was obtained from existing literature for 200 kPa
knobby mountain bike tires on a road surface [3], and was normalized based on vertical load for use in
this work. For a 5.5 m/s speed with an 85.5 kg bike and rider combined mass (nominal value in the
reference), for example, the expression predicts a rolling resistance force of 15.4 N. This would be a
coefficient of rolling resistance Cy for this speed of 0.0183, which agrees well with other published
results for knobby tires on asphalt (i.e., Cr = 0.013-0.017 from di Prampero [4]). The (Viiar +V;)/2
terms that are in the above expressions are used to average the velocity between two time steps t and
At to better estimate forces. Based on laboratory-measured wheel inertia tests, a value of 0.145 kg-m?
per wheel was used for wheel rotational inertia. For drag, a C,A value of 0.357 m? was chosen from the
literature [3].

3. Results

Results from the dynamometer friction tests, the outdoor bicycle braking tests and the numerical
model are presented below. Dynamometer friction data is presented for metallic pads, organic pads,
and the power organic pads. An example outdoor test, and numerical model thermal prediction is
provided for the power organic pads. Prior work [1] only validated the thermal model using the
dynamometer, but presented no friction data or model comparison to field tests.

3.1. Friction Data

Figure 2a shows typical time histories of dynamometer sensor data, including calculated braking
power. Note the gradual disc temperature rise throughout the test. Figure 2b shows the data
converted into a friction force surface that is a function of normal pad force and pad temperature.
Both Figure 2a,b correspond to the same power organic pad test. As it is difficult to place a load cell
or force transducer between the caliper pistons and brake pads, the normal pad force was calculated
based on line pressure and caliper piston area. Caliper piston seal stiction or piston seal elastic force
is thus included in the normal force, and this may explain some of the friction force nonlinearity at
low normal forces. Therefore, the friction force surfaces presented here are for the brake pads and
caliper as a system.

A fitting function was desired (useful for engineering analysis, thermal modeling, and
comparison) to model the friction behavior as a function of normal pad force and temperature for
each pad. The fitting function that was chosen for the friction force, Frriction (N), response surface is:

Frriction = {[a; + ayFy + agcos(w;T) + aysin(w; T)], [asFy + agFy * (T — ‘17)2]} 3)

where Fy is the brake pad normal friction force (in N), T is the temperature (in K), and a and w are
fitting coefficients. The arguments of the cosine and sine functions are in radians. The fitting function
is physically realistic as it is guaranteed to have a friction force of zero when the normal force is zero.
The [MAX]{[A],[B]} function chooses the maximum of the two arguments in the brackets: [A] and
[B]. The first equation [A] models the high braking force slope, whereas the second equation [B]
corresponds to low values of braking force, below approximately 10 N of friction. This piecewise
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definition is a necessary compromise to blend in Ff.;ctjon behavior, because the friction coefficient
(4 = Friction/Fn) depends strongly on the normal force Fy at low braking pressures. The equation
above was used to fit the friction data for each pad that was tested. The gray surface in Figure 2b
corresponds to the power organic curve fit, for instance. Table 1 below shows the resulting curve fit
parameters and the quality of fit for the three different pad types.
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Figure 2. (a) Example dynamometer transient experimental data for power organic pad friction test.
Power is calculated, and all other parameters are measured; (b) Example experimental data points
(colored by temperature) and curve fitted friction response surface (gray) for the power organic pad
from room temperature to approximately 560 K; (c) Scatter plot of the metallic, organic, and power
organic pad experimental friction forces, colored by temperature, with curve fits superimposed at 408
K; (d) Friction coefficients vs. temperature as extracted from the curve fitted response surface for each
pad (for 450 N normal force on a total pad area of 815 mm? or 552.1 kPa equivalent pad normal
pressure), with error limits shown as dashed lines based on the curve fit RMSE values.

Table 1. Curve fitting coefficients for Equation (3) for the three types of brake pads that were tested.
The quality of fit for the upper equation [A], which accounts for most of the data, is shown via R?
(i.e., R-Square; coefficient of determination) and RMSE (Root mean squared error or also known as fit
standard error).

Pad Type aq a, as a, as w, QAg a,; R? RMSE
Metallic -4069  0.4668 3605 1659 0.02475  0.001065 0.000 406  0.956 12.7
Organic -52.2 04532 -6.786 12.23 0.09995 0.02047 0.000 408 0.951 10.6

Power Organic  -63.85 0.4561 11.38 -24.74 0.09115 0.01251  -2.261 (x107) 410 0.995 3.52

Figure 2c shows a comparison between the three different pad types as normal force Fy is
increased. The data is colored by temperature. Figure 2b is a side view of Figure 2b, but for all pad
types. Solid, dotted, and dashed black lines show the curve fit equations evaluated at 408 K (i.e., near
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peak friction temperature). The metallic pads require greater Fy to achieve Ficion Vvalues
comparable to the organic or power organic pads. Figure 2d shows an example of temperature
behavior that can be derived from the curve fit surfaces. All pads showed a peak friction coefficient
between 406 K and 410 K. These intermediate temperatures have the highest friction coefficient (1 =
Friction/Fy) for all pads. Within the accuracy of the dynamometer experiments, the organic and
power organic pads had equivalent behavior, and both showed higher friction performance
compared to the metallic pads. Limited data exist for bicycle disc brake pad friction coefficients,
although some does exist for rim brakes suggesting a friction coefficient of 0.4 [5].

3.2. Bicycle Testing and Numerical Modeling Thermal Results

Figure 3a compares the ability of the numerical model to match experimental temperatures from
the sliding thermocouple during a downhill descent. Predictions from the numerical model are
shown for braking power calculated using the two methods already mentioned: (1) brake line
pressure, bicycle speed and curve fit friction data; and (2) bicycle speed and elevation (energy model
from Equation (1)). Figure 3b shows a comparison of the input braking power and the power
dissipation from various front brake surfaces.
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Figure 3. (a) Transient numerical modeling results from a downbhill test showing temperature history
for several braking events, with models shown for braking power determined via Method 1 (pressure,
speed, and friction data) and via Method 2 (speed and elevation data), and compared to experimental
data with total average errors indicated f(leodel - Texpm-mentht /teotar; (b) Input brake power for
Methods 1 and 2, and example capability of the model to predict dissipated power for different disc
surfaces (dissipated power is shown only for Method 1).

4. Discussion

Method 1 for calculating the brake input power for the MATLAB thermal model has an excellent
match to the experimental disc temperature (within 4.9 K on average). The temperature match
independently validates the friction data curve fits obtained on the dynamometer in this work.
Additionally, the agreement of the model temperature to the experimental temperature validates the
thermal modeling process described in prior work [1], but now for field conditions. The thermal
model predicts that the majority of heat dissipation is from the brake disk surfaces, followed next by
the disc spokes (connecting the disc to the hub), and then followed by the brake pads and caliper.

Method 2 (speed and elevation coupled to the energy model) qualitatively matches experimental
behavior. Better matching could be achieved for Method 2 by measuring aerodynamic and rolling
resistance for the specific bicycle/rider. The GPS speed inaccuracy and low refresh rate (1 Hz update
limitation on most smartphones) contribute to the uncertainty in the braking power estimation from
the dynamic bicycle energy model, and consequently, the predicted temperature. The error in power
estimation is magnified because the kinetic energy term depends on V? and the aerodynamic/rolling
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resistance terms depend on V3. To reduce error, an alternative speed measurement can be used for
Method 2, such as a wheel speed encoder that has a more accurate measurement of speed. Note that
the GPS smartphone speed error was less significant for Method 1 as speed was only used to calculate
brake power from the friction torque, a calculation which is linear in V.

5. Conclusions

Combining dynamometer tests, numerical thermal models, and bicycle tests demonstrate a
methodology to systematically predict brake temperatures and friction performance. A combined
workflow is suggested where data from a bicycle ridden on the course of interest can be recorded via
a smartphone or data acquisition system, and then combined with dynamometer-measured friction
coefficients and a numerical heat transfer code in order to predict brake temperatures. For example,
the MATLAB thermal model combined with field elevation history, field brake line pressure history,
and brake pad/caliper friction data can successfully predict transient disc temperature for multiple
sequential braking events.
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