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• A laboratory scalemethod to predict dry
tire ABS braking with a commercially
available tester LAT100.

• A mathematical model is derived using
Design of Experiments for factors:
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Predicting tire friction in a laboratory environment is a complicated issue. Varying one factor at the time for
experimenting to obtain insight into tire friction does not necessarily provide a proper judgment. It is needed
to take all interactions between the operating factors into account to determine the optimized test conditions
to predict tire friction. The research methodology of the Design of Experiments (DoE) is particularly suited for
such a system influenced by multi-factors; a technique that constructs a predictive mathematical model to de-
scribe the relationship between responses and critical factors. With the aid of DoE, the influence of various oper-
ating parameters of the Laboratory Abrasion Tester (LAT100) as a tribometer on tire friction is investigated: load,
speed, and slip angle. Two counter-surfaces are employed: a sandpaper- and a corundum-based substrate. A pre-
dictivemathematicalmodel is extracted from the DoE and suggests various optimal test conditions to predict the
tire friction. It provides new insights into the impact of factor interactions on the coefficient of friction of tire tread
compounds. The variation of the coefficient of friction vs speed on the corundum-based substrate is in good
agreement with the ABS braking distance data of actual tires on the road.
.m.noordermeer@utwente.nl
1. Introduction

Evaluating tire grip on the road as an extremely complicated tribo-
logical system, consumes time and energy but is essential for safety.
Proper tire grip provides a good level of handlingwhich is a prerequisite
for vehicle steering during cornering, braking, and accelerating. The tire
grip is the result of the generated frictional forces which are created by
the tire slippage in the contact patch. Commonly, with an Anti-lock
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Table 1
Tire ABS braking distance ratings; CV is the Coefficient of Variation: the ratio of the stan-
dard deviation to the mean value.

Tire codes Rating (%) CV (%)

Tire A 100.0 0.6
Tire B 104.3 1.1
Tire C 104.5 1.0
Tire D 98.3 0.8
Tire E 100.1 0.7
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Braking System (ABS), the braking force is optimized based on a specific
region of tire slippage, typically 5–15% [1,2], to provide adequate fric-
tional forces and avoid tire skidding. Numerous factors influence tire
friction: the tire construction, tread pattern and composition; the
characteristics, condition, and structure of the counter-surface; and
last the weather and temperature conditions [3]. Overall, the tire
tread compound contributes the largest portion of around 75% of
grip on a dry surface [4]. Arrigoni S. and et al. reported that the rub-
ber coefficient of friction has the largest influence on ABS perfor-
mance: a 5% increase leads to roughly 2 m reduction of ABS
braking distance [2].

Rubber friction is strongly dependent on operating conditions such
as speed, load, and their interactions, due to its viscoelastic properties.
Therefore, tire grip prediction is difficult and remains a contentious sub-
ject of research. For tire friction evaluations, so far abundant attention
has been paid to the prediction of tire friction especially for car ABS
braking or stopping distance [5–13]. Between laboratory tribometers,
both linear and rotary measurements, with ABS braking data good
agreements have been acquired. A Linear Friction Tester (LFT) provides
a strong correlation with outdoor ABS data on wet and snow surfaces,
but not for dry surfaces [9,14]. The portable LFTs provide the possibility
to perform in-situ measurements on the actual testing fields or road
surfaces. Some good agreements have been reported between Labora-
tory Abrasion Tester (LAT)100 results and ABS braking data on different
dry or wet surfaces [15–17]. Klüppel and Heinrich [7] predicted ABS dry
braking on asphalt using the physics of rubber friction theory for 4 tread
compounds.

Varying One Factor At the Time (OFAT) is not adequate for friction
experimenting. Taking the interactions between the operating factors
into account allows assessing the optimum test conditions together
with distinguishing the causes of various unexpected outcomes. Design
of Experiments (DoE) is a research methodology that can construct a
predictivemathematicalmodel to describe the relationship between re-
sponses and critical factors and their mutual interactions. If themodel is
adequate, it can be applied to explore the optimal test conditions for de-
sired responses and also to predict the outcome for new observations.
The other advantage of DoE is randomization which balances the influ-
ence of uncontrollable conditions, reduces the risk of systematic errors,
and increases the chance of obtaining unbiased and reproducible
results.

Based on our previous research [17,18], the LAT100 –despite its
name– can also be used as a tribometer able to simulate a wide range
of test conditions in a laboratory environment with a so-called Grosch
wheel mimicking a real tire. This apparatus allows varying the experi-
mental operating parameters in a broad range. The objectives of the
presently introduced methodology are to investigate the influence of
various operating parameters of the LAT100 as a sliding friction tester.
To study the interactions between these factors for achieving the opti-
mum test conditions of LAT100 in correlation with the tire ABS braking
distance on a dry surface.

2. Design of experiment methodology

The approach and used terminology of DoE as employed in the pres-
ent context is as follows [19–21]:

• Factors: can be denoted as input variables that affect the process or
the final outputs. Factors can be continuous (velocity, load,…) or cat-
egorical (a type of surfaces or additives, …).

• Responses: the product or process characteristics of interest to the ex-
perimenter and often referred to as output variables, e.g. coefficient of
friction, correlation coefficient, the goodness of a fit. Adequate re-
sponse criteria are Specific, Measurable, Attainable, Realistic and
Time-limited (SMART).

• Factor levels: the particular values or types of factors. For a continuous
factor such as velocity, the levels could be 1 and 2 km/h, and a
categorical factor, such as type of surface could be type1: sandpaper,
type2: asphalt, etc.

• Design: a pre-defined set of experimental runs e.g. two-level full (frac-
tional) factorial or multi-level central composite design.

• Model: a predictivemathematical equation describing the response as
a function of the factors;

• Main effect: there is a main effect when different levels of one factor
affect the response differently.

• Interaction effect: when the effect of one factor depends on the level
of the other factor. An interaction plot can beused to visualize possible
interactions.

• Residual (or residual error): the difference or the error between the
observed value and the predicted value by the model.

The reader is referred to Appendix 8.1 for details and elaborations on
steps taken for the DoE and interpretations of the results.

In the present study, experimental designs are defined for load,
speed, and slip angle as influential factors. The initial steps of DoE
such as the screening process were eliminated based on the previous
publications and prior knowledge of the LAT100. Twomodeling designs,
DoE 1 and 2, are created based on the three factors on two different ex-
perimental tracks of sandpaper P120 and LAT100 disc 180; with large
level ranges to include the extreme test conditions. In the next step,
conformation runswere carried out to compare the resultswith thepre-
dictivemathematicalmodel. Optimizationwas carried out by applying a
multi-level general factorial DoE 3, which was performed on the opti-
mal surface. The effect of load and speedwas further investigated to ex-
plore the underlying reasons for the correlation and to obtain more
insight into the friction phenomenon.

3. Experimental

3.1. Tire data

Five proprietary summer passenger tread compounds were selected
for the investigation. Summer tires size 225/50R17 from the various
tread compounds were built. The full tires were manufactured with
the same construction process using the same body components to-
gether with the five different tread compound formulations. The tire in-
flation pressure was 0.230 MPa. The test procedure of ABS braking was
comparable to ASTM F1649 for wet braking traction performance of
passenger car tires. The standard specifies that the test vehicle can be
any commercially available car that is equipped with ABS. For the cur-
rent experiments, the same commercial vehicle and ABS version on
the same counter-surface were employed. The braking test can be con-
ducted on a straight line and the stopping distance can be measured,
which is defined as the distance that the vehicle comes to stop from
an initial speed. The typical ratio of the slip velocity to the forward ve-
locity of the tire, i.e. the slip ratio, for a passenger car tire during ABS
braking lies in between 5 and 15% [1,17]; this is the range that the
ABSmechanism is optimized tomaintain the highest grip or friction be-
tween the tire and the road. Table 1 shows the relative tire ratingswhich
were provided by Apollo Tyres Global R&D based on ABS braking tests
on the dry test track of the existing proving ground in Europe; the



Fig. 1. Test set-up and rubber wheel under normal load FN (N), angle a (°), friction force Ff
(N), and velocity Vt (km/h).

Table 2
Input and output parameters of LAT100 for dry grip.

LAT100 input
parameters

The possible
range

LAT100 output parameters

Normal load 10 to 140 N Friction force (5 to 100 N)
Speed 0.002 to 100 km/h Side force (−120 to 120 N)
Slip angle −45 to 45° The temperature of the rubber wheel
Distance 1 m to 20 km
Disc temperature −20 to +80 °C
Disc type Various
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higher the rating the shorter the braking distance. The tread named
“Tread A” in Table 1 is considered as the reference for the rating calcula-
tions. The road and air temperatures were 35 °C and 26 °C, respectively.

3.2. Laboratory sample preparations

From the same tread compounds, laboratory rubber test samples
known as Grosch wheels were prepared. The test samples were solid
rubber wheels with a thickness of 19 mm and external and internal di-
ameters of 84mm and 34 mm, respectively. The test samples were vul-
canized in a Wickert laboratory press WLP 1600 for 11 min at 170 °C
under a pressure of 160 bar, optimized on basis of t90 curemeter data.
The curing times of both test laboratory wheels and tire treads were
comparable. Finally, the samples were stored for 12 h at room temper-
ature, 22 °C ± 1 °C. Therefore, the initial temperatures of all samples
were equal when starting the experiments. After curing, the samples
were pre-conditioned with the LAT100 to remove the vulcanization
skin according to the test conditionswhichwere explained in our previ-
ous study [17].

3.3. Laboratory test set-up

The LAT100 manufactured by VMI Holland B.V., the Netherlands, is
used as the laboratory tribometer. The details of the test set-up were
fully described in our previous manuscript [17]. The measurement
unit consists of a rotary counter-surface disc with a diameter of
350 mm and a Grosch wheel which is a solid rubber test wheel fixed
to a measuring hub. Using a metal pin the Grosch wheel is locked to
the hub so that it cannot rotatewith the counter-surface disc for the cur-
rent experiments. Therefore, the sample performs as a lockedwheel like
a sliding body on the counter-surface disc, . This differs from our earlier
study wherein the rubber wheel was free to rotate in contact with the
disc [17]. The wheel is pressed under a vertical load of FN (N) normal
to the driven disc under a specific angle a. The wheel slides over the
counter-surface as a function of the rotation speed of the disc, however,
the sliding speed of the sample in the contact area is influenced by the
disc radius which rises as the slip angle increases. The resultant fric-
tional forces are generated by means of three input machine parame-
ters: the disc velocity, the angle known as ‘slip angle’, and the acting
normal force. A schematic view of the measurement unit is depicted
in Fig. 1. The area of the sliding body in contact with the counter-
surface disc is hatched.

3.4. Set-up of the design of experiments

3.4.1. Factors
Table 2 shows the input and output parameters of the LAT100 appa-

ratus and the possible ranges. The selected factors in the current exper-
imental designs were narrowed to normal load, speed, and (slip) angle.
The importance of normal load and speed is well studied in the rubber
tribology field [13,18,22–24]. The slip angle variation not only alters
the leading edge of the rubber wheel in contact with the counter-
surface but affects the collected friction and lateral forces in the experi-
mental set-up as explained due to disc curvature in Section 3.3. Based on
our previous studies, the distance for each velocitywas optimized to the
lowest possible amount to obtain a steady and stable friction coefficient
and simultaneously avoid excessive abrasion in the contact area [25].
The measurements were carried out at room temperature which is
close to the temperature where the tire data were performed. The
final DoE models for two experimental tracks were also further com-
pared: sandpaper P120 and a LAT100 disc 180. The former surface is
the test track that is widely being employed for tire indoor flat-track
tests which being reported as unrealistic surface compared to the road
[6,26]. The data fromFlat-track rig is used for vehicle simulation The lat-
ter is the optimized counter-surface based on our previous studies in
which the grip properties of the experimental rubber wheels are best
in agreement with actual tire data on the test track road surface
[17,18]. Disc 180 is composed of electro-corundumwhite Al2O3 powder
bound in a ceramic binder with a weight ratio of 85/15 classified with
code 180 according to ISO525:2013 (E). Sandpaper P120 is the grit
120 of fine grade of Silicon Carbide which is classified according to
ISO/FEPA Grit Designation. Microscopic images of the experimental
tracks were obtained with confocal laser scanning microscopy VK 970
Keyence over an area of 5 cm2 with a pixel width of 10 μm, see Fig. 2.
The surface roughness is characterized by the 2D-PSD (Power Spectral
Density) and compared with a typical concrete road surface, see Fig. 3.

3.4.2. Factor levels
In the first step, quite a large range of loads, speeds, and slip angles

was taken into account. Based on that, two designs of experiments
were employed: DoE 1 and 2. Based on the outcome of the two first de-
signs, DoE 3 was created, see later. The summary of all factors, levels,
and responses for all designs are shown in Table 3.

3.4.3. Responses
The responses are considered the Coefficients of Friction (COF) and

Correlation Coefficients (CC) between the LAT100 experimental results



Fig. 2. Laser scanning microscopic images of the experimental tracks: LAT100 disc 180 and sandpaper P120; scale is 100 μm.

Fig. 3. 2D-PSD of the experimental tracks compared to concrete.
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and ABS braking distance data of the tires. CC is the linear regression
value R2 between the measured coefficients of friction of the 5 tread
compounds in the laboratory and the tire data presented in Table 1. To
avoid confusion between R2 of the response value and R-sq of the pre-
dictive mathematical models, the notation of CC is being used for the
response.

3.4.4. Designs and calculations
Multi-level designs were selected for the present study. The proper-

ties of a full factorial design are an excellent approach for the experi-
menter to be aware of confounding2 effects. DoE 1 and 2 were
performed with Response Surface Modeling (RSM, see Appendix 8.1)
using a Face-centered Central Composite (FCC) design for the 3 factors.
DoE 3 was created to optimize the output of the first two designs by
exploiting a multi-level full factorial design with 5 levels for speed and
3 levels for the load. The (cube) plots of the designs are illustrated in
Fig. 4. One example of 20 test runs of test conditions according to FCC
design is shown in Table 4, as carried out for each compound. The 20
runs were performed for all 5 compounds, a total of 100 experiments
with additional randomization of the wheel specimens A-E. This re-
duces the effect of compound type in the sequence of test runs. It should
be noted that in Table 4 due to randomization the design order and run
2 Confounding: a situation in which a measure of association or relationship between
exposure and outcome is distorted by the presence of another variable [https://online.
stat.psu.edu/stat507/node/34/].
order are different, aswas employed for all of the design experiments in
the present study.

A novel and effectiveway of cleaning the counter-surfacewas devel-
oped within the project, in which the trace of previous rubber com-
pounds was removed from the experimental tracks. Using a rubber
eraser with a unique formulation, the trace and effect of the previous
compound were fully erased before each test run, see Fig. 5.

The coefficients of friction were calculated by dividing the friction
force by the applied normal load for 100 experiments for DoE 1 and 2.
Then, each set of friction coefficients for the 5 compounds at every
test condition of Table 4were correlated linearly to the ABS braking dis-
tance data for the 5 tires. The response CC, the regression coefficients of
the 20 runs of experiments for the 5 compounds, were applied for the
interpretations of the experimental designs and the generation of the
predictivemodelswith statistical analysis. An overviewof thewhole ex-
perimental designs is given in Table 5.

4. Results and discussions

The objectives of the designed experiments are to identify the opti-
mized test conditions which predict the tire ABS braking distance with
the LAT100 in sliding mode. More importantly to gain insight into the
impact of each parameter on friction and the underlying reasons for
the possible correlations. Each DoE can imply whether an optimized re-
sponse exists.With the analysis of DoE 1 and 2, the influence of the two
counter-surfaces i.e. sandpaper P120 and disc 180 can be compared. A
final optimization is performed with DoE 3.

4.1. Analysis of DoE 1: sandpaper P120 counter-surface

DoE1 was carried out on the counter-surface of sandpaper P120. For
the designed test conditions in Table 4, the friction coefficients of the 5
compounds are presented in Table 6. The last column is the response
CC: the correlation coefficient value between the friction coefficients
of the 5 laboratory compounds at each designed test condition and the
data of the 5 tires in Table 1. The target value of the response is a max-
imum of 1.0 and the desired range above 0.9. At first glance, it might
seem that the test conditions with the highest value preferably above
0.9 of CC, is the region of interest for the optimal test conditions: i.e.
test runs 18 and 19. However, further interpretations and analyses are
required to provewhether this is an arbitrary coincidence of correlation
or not: Tables 7 and 8, Figs. 6 and 7. The confidence and error levels are
considered 95% and α = 5%, respectively.

From the Pareto chart of the standardized effects of a full quadratic
model on DoE 1, it is deduced that the speed bar crosses the reference
line and statistically is the only significant parameter with a 95%
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Fig. 4. The plots of A) Face-centered Central Composite (FCC) and B) General full factorial, multi-levels for 2 factors; load (N), and speed (km/h).

Table 4
Test runs for DoE 1 and 2 for one compound.

Test runs (randomized) Factors

Run order Design order Load (N) Speed (km/h) Angle (°)

1 13 55 5.05 0
2 18 55 5.05 15
3 16 55 5.05 15
4 14 55 5.05 30
5 8 75 10 30
6 15 55 5.05 15
7 7 35 10 30
8 3 35 10 0
9 5 35 0.1 30
10 1 35 0.1 0
11 9 35 5.05 15
12 19 55 5.05 15
13 2 75 0.1 0
14 12 55 10 15
15 20 55 5.05 15
16 10 75 5.05 15
17 17 55 5.05 15
18 11 55 0.1 15
19 6 75 0.1 30
20 4 75 10 0

Table 3
The summary of factors, levels, and responses.

Factors Levels for DoE 1 & DoE 2 Levels for DoE 3 Responses

Lower Center Upper Lower Center(s) Upper

A Load (N) 35 55 75 35 55 75 Correlation Coefficient (CC), Coefficient of Friction (COF)
B Speed

(km/h)
0.1 5.05 10 0.005 0.01, 0.1, 1 5

C Slip angle (°) 0 15 30 15 (constant)

Table 5
Overview of the DOEs.

DOE 1 DOE 2 DOE 3

Load range (N) 35–75 35–75 35–75 (3 levels)
Speed range (km/h) 0.1–10 0.1–10 0.005–5 (5 levels)
slip angle range (°) 0–30 0–30 15
Disc type P120 Disc 180 Disc 180
design FCC FCC Multi-level factorial
Number of runs per compound 20 20 15
Total number of runs 100 100 75
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confidence interval. The normal plot represents that increasing speed
reduces the chance of predicting the tire data with the sliding body in
the LAT100 test set-up. Table 7 presents the model terms and the P-
Fig. 5. Counter-surface d
value of the ANOVA interpretation of DoE1, response surface regression
of the full quadratic model. The P-value smaller than 0.05 is marked as
significant. In Table 8 the summary of the different fittedmodels includ-
ing various terms is extracted. The goodness-of-fit in a ‘model summary
table’ is determined with S, R-sq, R-sq(adj), and R-sq(pred) statistics
therewith examine how well the model fits the data.

• S represents the variation of the data values from the fitted response
surface.

• R-sq measures how well the model fits the data.
• R-sq(adj) is used for model comparisons that have different numbers
of predictors.

• R-sq(pred) shows how well the model predicts the response for new
observations.
isc cleaning process.



Table 6
The coefficients of friction of the laboratory results at each test run of DoE1 and the calcu-
lated responses CC with sandpaper P120 counter-surface.

Run order Laboratory Coefficient of Frictions (COF) Response

Comp A Comp B Comp C Comp D Comp E CC

1 1.025 1.221 1.309 1.156 1.242 0.36
2 1.059 1.326 1.259 1.029 1.191 0.83
3 0.994 1.248 1.170 1.025 1.152 0.66
4 0.891 1.061 1.047 0.879 0.994 0.82
5 0.739 0.877 0.846 0.804 0.812 0.53
6 1.007 1.229 1.129 1.006 1.116 0.69
7 1.026 1.119 1.045 0.922 1.029 0.69
8 1.190 1.317 1.278 1.066 1.224 0.83
9 1.093 1.251 1.293 0.969 1.180 0.86
10 1.290 1.412 1.473 1.194 1.441 0.65
11 1.031 1.368 1.329 1.064 1.298 0.65
12 0.942 1.176 1.173 0.980 1.116 0.70
13 1.200 1.360 1.375 1.070 1.283 0.85
14 0.938 1.173 1.004 0.956 1.007 0.50
15 1.008 1.261 1.142 0.974 1.105 0.77
16 0.909 1.164 1.015 0.928 1.027 0.56
17 1.019 1.309 1.177 0.970 1.175 0.69
18 1.139 1.412 1.333 1.042 1.219 0.91
19 0.925 1.142 1.149 0.885 0.970 0.98
20 0.938 1.204 1.053 0.945 1.082 0.54

Table 7
ANOVA of DoE1, response surface regression of the full quadratic model on sandpaper
P120.

Source DFa P-value P-value b .05

Full quadratic model 9 0.110 –
Linear terms 3 0.042 Significant

Load A 1 0.601 –
Speed B 1 0.014 Significant
Slip angle C 1 0.130 –

Square terms 3 0.697 –
Load*Load A2 1 0.828 –
Speed*Speed B2 1 0.275 –
Slip angle*Slip angle C2 1 0.741 –

2-Way interaction terms 3 0.140 –
Load*Speed A*B 1 0.052 –
Load*Slip angle A*C 1 0.867 –
Speed*Slip angle B*C 1 0.185 –

a It is comprised of the number of terms in themodel; for instance, DF in Table 7 consists
of 3 linear, 3 squared, and 3 2-way interactions terms.

Table 8
Model summary of DoE1.

Model S R-sq R-sq(adj) R-sq(pred)

Linear 0.132 39% 28% 0%
Linear + interactions 0.140 44% 18% 0%
Full quadratic 0.123 67% 37% 0%

Fig. 6. Pareto chart of the Standardized Effects of a full quadratic model including all
possible terms in the vertical axis; DoE 1 on sandpaper P120.

Fig. 7. Normal Plot of the Standardized Effects; DoE 1 on sandpaper P120.

Fig. 8. Representation of chaotic responsewhich is very unlikely to fit amodel for DoE1 on
sandpaper P120.
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The reader is referred to Appendix 8.1 for more explanations regard-
ing the statistics. The full quadratic model has the lowest S and highest
R-sq among others, however, the value 67% for R-sq is a rather low
value for a model. 0% of R-sq(pred) shows that themodel cannot predict
the response for new observations and is substantially less than R-sq
which indicates that the model is over-fit. Fig. 8 is the visual representa-
tion of catastrophic response and is very unlikely to fit a model for DoE1
on sandpaper P120. The current interpretation suggests that the test
runs 18 and 19 are an arbitrary coincidence of correlation with the
tire data.

4.2. Analysis of DoE 2: disc 180 counter-surface

DoE 2 is carried out and analyzed similarly as DoE 1, createdwith the
same experimental design as DoE 1, performed on a LAT100 disc 180.
Therefore, a comparison between the final models of the DoEs suggests
comparability or contrast between the counter-surfaces. Table 9 pre-
sents the friction coefficients of the 5 compounds and the response CC
at each test run. Surprisingly, most of the experimental runs indicate
that the response CC is above 0.9 and only 4 test conditions show a con-
siderably lower value. However, interpretation steps of DoE are



Fig. 9. Pareto Chart of the Standardized Effects of the full quadratic model, DoE 2 on disc
180.

Fig. 10. Normal Plot of the Standardized Effects, DoE 2 on disc 180.

Table 10
ANOVA of DoE1, response surface regression of the full quadratic model on sandpaper
P120.
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required to attain a trustable picture of influential factors on the
correlation.

The Pareto chart of the Standardized Effects of a full quadratic model
on DoE 2 depicts the significant parameters like speed, slip angle and a
quadratic term of slip angle, see Fig. 9. The normal plot in Fig. 10 de-
scribes the quadratic term as a curvature with a maximum for the slip
angle. The P-values of the ANOVA interpretation are shown in
Table 10, the P-value larger than 0.5 is specified as the significant pa-
rameterswhich are in agreementwith the Pareto chart and normal plot.

In the model summary, Table 11, the best-fitted model is an im-
proved quadratic model in which two terms of AC and AA were ex-
cluded from the model. This model shows the lowest possible S and
highest R-sq among others, with an improved R-sq(adj) and enhanced
R-sq(pred). By reducing two terms of the full quadratic model, the R-
sq(adj) is improved which suggests the model reduction was helpful
to acquire better adjustment for the model terms. The model reduction
made the gap between R-sq and R-sq(pred) smaller which enhances
the chance of prediction for new observations, see Appendix 8.2. In
total, the model summary table of DoE 2 carried out on LAT100 disc
180 offers better values compared with DoE 1 performed on sandpaper
P120, see Tables 8 and 11. The conclusion that can be drawn is the supe-
riority of disc 180 on sandpaper P120 in the current study. However, the
optimal test conditions for prediction of tire ABS data needs further
analysis and investigation.

The resulting predictivemodel of DoE 2 based on Table 11 last row –
the terms load*slip angle and Load*Load were omitted – reads as
follows:

CC ¼ 0:867þ 0:00097 Load−0:0273 Speedþ 0:02178 Slip angle
þ 0:00255 Speed � Speed−0:000661 Slip angle
� Slip angle−0:000483 Load � Speedþ 0:000517 Speed
� Slip angle ð1Þ

The final step of the DoE interpretation in Appendix 8.1 was the
analysis of the residual plots to determine whether the model meets
its analysis assumptions. Fig. 11 illustrates the residual plots of the
model in Eq. (1). The probability plot of the residuals is distributed al-
most normally and approximately follows a straight line. A few points
lying away from the line imply the measurement outliers. The residuals
versus fits plot fall randomly on both sides of 0, with no recognizable
pattern in the points which verifies that the residuals are randomly
Table 9
The laboratory results of friction coefficients at each test run of DoE2 and the calculated re-
sponse CC with LAT100 disc 180 counter-surface.

Run order Laboratory Coefficients of Friction (COF) Response

Comp A Comp B Comp C Comp D Comp E CC

1 1.198 1.180 1.389 1.072 1.162 0.56
2 1.128 1.200 1.303 0.996 1.095 0.87
3 1.093 1.269 1.291 0.979 1.095 0.99
4 0.943 1.084 1.183 0.882 0.949 0.93
5 0.825 0.930 0.891 0.842 0.865 0.73
6 0.999 1.282 1.213 1.005 1.057 0.90
7 0.902 1.104 1.188 0.863 1.007 0.89
8 1.043 1.313 1.504 1.124 1.158 0.75
9 1.033 1.250 1.305 0.981 1.044 0.98
10 1.234 1.428 1.499 1.128 1.280 0.96
11 1.176 1.402 1.507 1.146 1.202 0.93
12 1.053 1.277 1.343 1.037 1.071 0.94
13 1.106 1.344 1.368 1.047 1.116 0.99
14 0.972 1.171 1.185 0.973 1.038 0.94
15 1.023 1.272 1.277 0.994 1.080 0.97
16 0.966 1.167 1.120 0.940 1.000 0.95
17 1.017 1.212 1.186 0.972 1.060 0.97
18 1.076 1.343 1.394 1.020 1.151 0.97
19 0.922 1.121 1.141 0.887 0.968 0.98
20 0.936 1.071 1.106 1.019 1.010 0.56

Source DF P-value P-value b .05

Full quadratic model 9 0.018 Significant
Linear terms 3 0.007 Significant
°Load A 1 0.295 –
°Speed B 1 0.004 Significant
°Slip angle C 1 0.028 Significant
Square terms 3 0.052 –
°Load*Load A2 1 0.526 –
°Speed*Speed B2 1 0.347 –
°Slip angle*Slip angle C2 1 0.010 Significant
2-Way Interaction terms 3 0.295 –
°Load*Speed A*B 1 0.139 –
°Load*Slip angle A*C 1 0.988 –
°Speed*Slip angle B*C 1 0.226 –

Table 11
Model summary of DoE 2 included with different model terms.

Model Terms
omitted

DF S R-sq R-sq(adj) R-sq(pred)

Linear 3 0.105 46.8% 36.9% 14.1%
Linear + interactions 6 0.107 55.8% 35.4% 0.0%
Linear + quadratics 6 0.088 69.9% 56.0% 4.9%
Full quadratic 9 0.084 78.9% 59.9% 0.0%
Improved full quadratic A*C, A*A 7 0.078 78.0% 65.1% 23.9%



Fig. 11. Residual plots of DoE 2: residual normal probability, residual vs. fitted value, and residual vs. observation order; CC is the response.
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distributed and have a constant variance. A point far away from zero is
an outlier and far away from the other points in the x-direction repre-
sents an influential point in the model. The last plot indicates that the
residuals are independent of one another and no particular trends or
pattern can be recognized in time order. Overall, it can be concluded
that the model meets its assumptions. Hence, an optimal test condition
can be extracted from this model.

The main effect of the factors on the responses according to the
model is visualized in Fig. 12. Slip angle shows curvature with a maxi-
mum, as was expected due to the quadratic term in the model. Speed
impacts more on the response than load. The mutual interactions be-
tween the factors in the termswhichwere included in the model are il-
lustrated in Fig. 13. Parallel lines in an interaction plot indicate no
interaction. The greater the difference in slope between the lines, the
higher the degree of interaction. The Load*speed plot demonstrates a
Fig. 12. Main effects plot for the re
synergetic interaction indicating that load impacts more at larger
speeds resulting in reducing the response. Slip angle and speed show
not much interaction, the maximum point in the slip angle*speed
graph varies in parallel graphs at a different speed. The interactions
also replotted in the middle column of the matrix based on speed vari-
ation in the model. Fig. 14 gives 3D representations of the response vs
the factorswhich show themain effects togetherwith their interactions.
It also visualizes where the optimal test conditions could be.

4.3. Confirmation runs

After the optimization, a few confirmation tests should be run near
the optimum settings. It is recommended to check the model at inter-
mediate settings to assure that it does not deviate from the “true re-
sponse”. Table 12 discloses that the responses measured and
sponse CC, DoE 2 on disc 180.



Fig. 13. Fullmatrix of the interaction plots for the terms in themodel DoE 2 on disc 180. The vertical axis is thefittedmean of the response CC, the horizontal axis is Load (N), speed (km/h),
and slip angle (°). The holding values for each interaction plot of response vs. two factors in the matrix are given in the legends.

Fig. 14. Response surface plots of the improved quadratic model of DoE 2; the hold values for the third factor in each plot of response vs. two factors are 5.05 km/h, 55 N, and 15°
respectively.
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Table 12
5 Confirmation runs, values of response in comparison with the value from the predictive
model.

Run
order

Load
(N)

Speed
(km/h)

Angle
(°)

CC (from test
runs)

CC (from model)

1 75 1 15 0.99 0.90 b CC b 1.00
2 55 5 25 0.92
3 75 5 25 0.95
4 65 2.5 15 0.98
5 65 2.5 15 0.97

Fig. 16. The master curve of friction coefficient vs. speed of ABR gum compound on a dry
silicon carbide surface, taken with permission from ref. [29].

Table 13
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calculated from the confirmation runs fall in the desired range of the re-
sponse predicted from themodel as shown in Fig. 12. Now the optimum
test conditions are statistically specified and one example of the correla-
tion is plotted in Fig. 15. The repeatability of themeasurementswas also
checked with ANOVA analysis, see Appendix 8.3.

These analyses provided substantial information to observe the var-
iation of the response in a larger frame to select the optimal test condi-
tions, than finding a coincidental correlation at a single test condition.
The optimal test conditions of load and speed are in the similar ranges
of a car tire. The mean contact pressure of a car tire of 0.3 MPa approx-
imately is equivalent to the average pressure for the Groschwheel. Con-
sidering around 1.5 cm2 for the stationary contact area of the Grosch
wheel (i.e. the wheel standstill) under load from 35 N to 75 N, the aver-
age pressure varies between 0.23 MPa and 0.5 MPa. This is the rule of
thumb for a typical tread compound with average hardness. The slip
speed of the tire is within 5–15% slip ratio; indicating that at speed
90 km/h by applying ABS, supposing a 10% slip, the slip velocity is
9 km/h. Therefore, during the test, the tire experiences a distribution
of slip velocities; in this example from 9 km/h until it comes to a full
stop. Hence, considering a distribution of slip speeds and contact pres-
sures for the range of tread compoundswith various hardnesses, the op-
timal test conditions which are deduced from DOE 2 are logical. In the
present context with the locked Grosch wheel, the slip angle factor a
(°) is a machine parameter and mainly affects the sliding velocity mag-
nitudes. Referring to Section 3.3, the Grosch wheel slides over the
counter-surface as a function of the rotation speed of the LAT100 disc,
however, the sliding speed of the sample in the contact area is influ-
enced by the disc radiuswhich rises as the slip angle increases. This cre-
ates a distribution of sliding velocities around the traveling velocity of
the LAT100 disc. Last but not least, by applying angle to the Grosch
wheel, an effect of shape is introduced to the contact area which is
also shown as an important influence [27] even at a similar nominal
contact area [28]. The effect of all factors is more elaborated in the
next section. Also, on the road during ABS, it is being dealt with as a dis-
tribution of factors. It is of high interest and value to envisage why such
a vast range of test conditions correlate with the actual tire data that
Fig. 15.One example of the correlation between the ABS braking distance data and LAT100
friction coefficients; the example belongs to the test condition of the last row of Table 12.
allow one to exploit the test set-up as a predictor for ABS braking dis-
tance. Would this correlation be valid for another set of variants? The
next part is tailored to dive deeper into the underlying reasons for
these questions.

4.4. Effect of speed and load

For each factor at the upper and lower levels of the designs, different
phenomena are involved in the experimental set-up, which influence
the friction measurements. The first factor load: by increasing the load
the sample spreads more on the counter-surface since the test samples
are solid rubber wheels as shown in Fig. 1. Subsequently, the area of
contact becomes larger and the pressure is not constant over the contact
surface. The local pressure on the tips of the asperities of the counter-
surface varies over the contact and is influenced by the form of the
macro-pressure profile of the wheel sample as a whole. The second fac-
tor speed: since the rubber test wheel is blocked on the measuring hub
of the device, the speed is the average sliding velocity in the contact area
which is determined by the disc traveling speed. The speed range be-
tween the lower and upper levels of the experimental design is quite
wide. The upper limit of 10 km/h is 100 times larger than the lower
Themeasured friction coefficients for each compound and the responses CC, sorted based
on the design order, the run order was randomized.

Run
order

Design
order

Factors Laboratory coefficients of friction Response

Load
(N)

Speed
(km/h)

COF
A

COF
B

COF
C

COF
D

COF
E

CC

1 1 35 0.005 1.131 1.280 1.339 1.099 1.185 0.93
6 2 35 0.01 1.170 1.416 1.379 1.081 1.185 0.99
15 3 35 0.1 1.334 1.402 1.302 1.151 1.306 0.48
13 4 35 1 1.408 1.546 1.622 1.265 1.457 0.88
12 5 35 5 1.249 1.570 1.635 1.270 1.331 0.93
2 6 55 0.005 1.080 1.269 1.279 1.073 1.121 0.96
10 7 55 0.01 1.129 1.307 1.269 1.058 1.139 0.98
11 8 55 0.1 1.253 1.331 1.348 1.131 1.267 0.84
4 9 55 1 1.340 1.475 1.534 1.255 1.320 0.97
7 10 55 5 1.153 1.403 1.469 1.149 1.189 0.94
9 11 75 0.005 1.039 1.258 1.225 0.990 1.037 0.98
14 12 75 0.01 1.079 1.285 1.264 1.042 1.058 0.96
8 13 75 0.1 1.216 1.332 1.323 1.109 1.222 0.93
3 14 75 1 1.261 1.406 1.416 1.185 1.275 0.99
5 15 75 5 1.112 1.244 1.270 1.081 1.106 0.98



Fig. 17. 3D representation of the coefficients of friction COF vs. Load (N) and log speed (km/h) for the 5 compounds A-E: COF A, COF B, COF C, COF D, and COF E, respectively.
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0.1 km/h, which generates abrasion debris and a smeared layer of rub-
ber on the disc, and plays an important role in the friction measure-
ments. The relation between the coefficient of friction and the speed
of the test specimen is non-linear; as Grosch showed the friction coeffi-
cient increases until it reaches a maximum at a specific speed and then
decreases [29]: Fig. 16. The influence of the friction peak should be taken
into account to observe if it falls within the defined levels of factors in
the designed experiments.

Last, slip angle: the large range of slip angles introduces an additional
impact on the shape of the contact area. The shape of the contact area
changes if the orientation of the sample varies from the traveling speed
direction of the LAT100 disc. Therefore, the leading edge can differ from
a straight line to a pointy part of a lozenge. As a result, the edge impact
should be taken into account. Although what an actual tire experiences
in the contact between the tread blocks and the real road are combina-
tions of various block orientations based on different tire patterns, the
variation of slip angle in the present study overshadows the influence
of speed and load and their interaction on the coefficient of friction.

Therefore, to look into the answers to the questions stated in the last
paragraph of Section 4.3, DoE 3 was created. A multi-level general



Fig. 18. Variation of experimental friction coefficient vs. speed (km/h) in a log scale at loads 75 N, 55 N, and 35 N.
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factorial based on the results of DoE 1 and 2; at a constant slip angle of
15°, in 5 levels of speed, 3 levels for load, while disc 180 was chosen as
the optimal counter surface: see Tables 3 and 5. In Table 13, the mea-
sured friction coefficients for each compound, and the response CC are
presented and sorted based on the design order. It should be noted
that the experiment's run order was randomized. The CC values mainly
fall in the desired range larger than 0.9 as expected from the predictive
model of DoE 2 in Table 11. A deviation from the expected range of re-
sponses for the third run (design order) of the tests stands out as an out-
lier according to the residual plots presented in Appendix 8.4.

The coefficients of friction of each compound are also deemed as
new responses separately to further observe the interaction of load
and speed. For each compound, a predictive model was generated and
validated according to the DoE interpretation steps as explained in
Sections 4.1 and 4.2. The model reduction summary of the compounds
A-E to find the best-fitted ones are brought in Appendix 8.5. Based on
the models for all compounds, the friction coefficients show a linear re-
lationship with the load. But the speed factor B in the models contains
the quadratic term BB and curvature is visible in the 3D graphs, see
Fig. 17.

Fig. 17 indicates that the compound dependence on speed varies by
altering the normal load; with increasing load the peak becomes more
pronounced. The peak at the lower load is expected to appear at a higher
speed. The variations of experimental friction coefficients vs. log speed
for compounds A-E are plotted in the separate 2D graphs at different
loads, see Fig. 18. At 35 N, the plots are inclined towards a plateau at
larger speed than 1 km/h for compounds B, C, and D, but not for com-
pounds A and E. The trends of friction coefficient variation over the
log speed axis for the 5 compound only shift vertically and are in parallel
to one anotherwithout notable intersectionbetween the curves. At 35N
and speed of 0.1 km/h, for compound C the sudden drop is the outlier of
the experimentwhichwas already pointed out in Table 13. This trend is
more detectable in the intermediate range of speeds, higher than
0.01 km/h and lower than 5 km/h. This is in agreement with the results
of DoE 2 andwhat themodel proposed as the optimal range of test con-
ditions to obtain the desired response in Fig. 12. The parallelisms ex-
plain why a range of test conditions offers the best correlation with
tire ABS braking distance data.

5. Concluding remarks

To predict tire friction, varying one factor at the time for
experimenting does not necessarily provide a proper judgment. The re-
search methodology of Design of Experiments (DoE) is implemented in
thepresent study inwhich a predictivemathematicalmodel is extracted
to describe the relationship between responses and critical factors. Var-
ious operating parameters of the LAT100 as a tribometer on tire friction
are investigated: load, speed, and slip angle. Measurements were per-
formed on two counter-surfaces of a sandpaper- and a corundum-
based substrate. The interaction of load and speed influences the coeffi-
cient of friction of tire tread compounds. The variation of the coefficient
of friction vs speed on the corundum-based substrate is in agreement
with the ABS braking distance data of actual tires on the road, but not
for the sandpaper substrate. The present study highly emphasized the
importanceof thedesign of experiments in a friction study. It gives guid-
ance by a predictive mathematical model in selecting optimal test
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conditions regarding desired responses for present and also new obser-
vations, rather than just choosing arbitrary experimental settings.
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