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Abstract. Sports equipment design is a young and evolving engineering discipline
focused on the best simultaneous optimization of user and product as a system. In
motorsports, in particular, the final performance during a race depends on many
parameters related to the vehicle, circuit, weather, and tyres and the personal
feelings of every single driver. Top teams in high-tech categories can invest huge
amounts of money in developing simulators, but such economic commitment is not
sustainable for all those teams that operate in minor but very popular categories,
such as karts or mini-motorcycles. In these fields, the most common design approach
is trial and error on physical prototypes. Such an approach leads to high costs, long
optimization times, poor innovation, and inefficient management of the design
knowledge. The present paper proposes a driver centred methodology for the design
of an innovative mini racing motorcycle frame. It consists of two main phases: the
drivers’ feelings translation into engineering requirements and constraints, and the
exploration of the design solution space. Expected effects of the application of the
proposed methodology are an overall increase in the degree of innovation, time
compression, and cost reduction during the development process, with a significant
impact on the competitiveness of small racing teams in minor categories.
Keywords: design methodology, racing motorcycle frame design, topological
optimization.
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1

INTRODUCTION

Sports equipment design is a young and evolving engineering discipline. Compared to typical product
design, the key difference is that the user and the product need to be considered as an integrated
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system. As a consequence, sports equipment designers engage deeply with the athletes throughout
the entire design process ([16]). In this interaction, one of the most challenging design tasks is to
understand the personal requirements of users for the optimization of the equipment.
The biggest difficulty for designers in these activities lies in the fact that feelings and perceptions
are often expressed by users verbally without applying any systematic methodology. Moreover,
periodic design reviews are needed due to changes in regulations or in the homologation validity.
These points are well known for tennis racquets, golf clubs, running shoes, football boots, and skis
([16],[17]) but can also be considered valid for motorsports. Indeed, the final performance during
a competition depends on the driver/vehicle system. Here, many parameters related to the dynamic
behaviour of the vehicle, the peculiar characteristics of every circuit in any weather condition and
the temporal evolution of tyres, generate thousands of possible setups, which can’t be optimized
during the race weekend for every single driver.
Teams in high-tech motorsport categories (e.g. Formula 1, MotoGP) invest in the development
of static or dynamic simulators ([14]), which are exploited to test the compliance of setups with the
driving skills and habits of drivers. However, such economic commitment is not sustainable for all
those teams that operate in minor categories, such as karts or mini-motorcycles, which are very
important for the stakeholders involved and the overall market impact, even if are comparable only
to micro, small, and medium enterprises. In these fields, the development or redesign of new
components is typically based on the trial and error design approach and the production of physical
prototypes for every significant step of the design process, according to the desiderata of drivers.
Such an inefficient approach leads to high costs, long optimization times, and a very low degree of
innovation for every component, due to a rough exploration of the design space. Moreover, the
engineering knowledge captured by teams is very poor, highly dependent on the experience of
individual technicians, and difficult to reuse in further seasons. These limitations can be significantly
reduced by introducing a systematic methodology for the design of the first prototype, accessible to
the small teams involved in the aforementioned motorsport categories
For these purposes, the present paper proposes a methodology based on two main phases: first
the translation of drivers’ feelings into engineering requirements and constraints. Second, the
subsequent exploration of the design solution space, by means of engineering knowledge
management tools such as state-of-the-art computer-based software. The methodology is applied
to the design of a racing mini motorcycle frame. It represents one of the most important components
subjected to continuous development during a racing season, due to its decisive influence on the
stability and handling of the motorcycle, producing a significant effect on the driver’s perceptions
and, consequently, on the lap time. Expected effects from the application of the proposed
methodology are an overall increase in the degree of innovation, time compression, and cost
reduction during the development process, with a significant impact on the competitiveness of small
racing teams in minor categories.
The paper is structured as follows. In the next section, the existing approach for designing a
mini motorcycle frame is presented. Then the proposed methodology is described. In Section 3, the
results of the development of the mini motorcycle frame are presented and discussed.
2

EXISTING APPROACH TO THE DESIGN OF RACING MINI MOTORCYCLE FRAMES

In the “as is” scenario, the design of the first prototype of a mini motorcycle frame and its
modification can be described as shown in Figure 1. The approach is also adopted for the design of
many other components and follows some well-known guidelines (e.g.[5],[8],[9]); it also exploits
Computer Aided Engineering (CAE) techniques.
The first phase consists of the interpretation of the driver’s perceptions when using an existing
frame. In this phase, (experienced) technicians propose design modifications according to the
personal perceptions gained from (expert) drivers testing the last season’s frame directly on a test
track.
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Figure 1: Workflow of the existing scenario.
The second phase is the engineering design, in which an existing CAD model or a digital model
obtained by reverse engineering is modified to be compliant with regulations, manufacturing, and
assembly, paying attention to the overall cost. During the conceptual design phase, optimization
algorithms often help designers in the evaluation of novel geometries (e.g. [7]). In the embodiment
design phase, the rules of Design for Manufacturing and Assembly (DFMA) ([2]) are adopted. Hence,
decisional techniques are often used for the selection of the most suitable design alternatives (e.g.
[11]). Within the last few years, CAE simulations have been intensively and rapidly developing, from
the FEM analysis of individual components to complex analysis consisting of integrated multi-body
simulation, structural analysis, fluid dynamic analysis, virtual prototyping, and topology optimization
([1]). Furthermore, lately, optimization algorithms have been adopted to enhance the design of
components in motorsport engineering, due to their capability to explore the design search domain
within predefined boundary constraints ([15]). As an example, a pattern search algorithm has been
used to optimize the stability and handling of a Moto2 motorcycle, in order to increase the stiffness
of the frame, in terms of mass reduction and performance enhancement ([13]). Sapanaro et al.
([12]) proposed a response surface optimization method to develop an optimal motorcycle swing
arm.
Finally, a first-attempt physical prototype is produced. Such a prototype is often tested on the
same track and modified again according to the new data collected by telemetry and according to
the drivers’ feelings. The loop ends when the obtained solution, developed around a well-known
initial proposal, is considered satisfactory. The consequences of such an approach are that the new
frame is rarely innovative, the development process is very slow, and the overall cost is high for a
small team. Furthermore, there is no certainty that the final solution is the optimal one, since it
depends on a partial investigation of the design solution space and on the skill of drivers and
engineers in correlating some personal feelings to objective design requirements. Moreover, when a
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technician or driver leaves the team, all the knowledge about the optimization process is suddenly
lost.
3

A DRIVER-CENTERED APPROACH TO THE DESIGN OF RACING MINI MOTORCYCLE
FRAMES

The proposed design methodology for the design of a new racing mini motorcycle frame is aimed at
guiding the designer to correlate drivers’ perceptions with engineering constraints and requirements
for the investigation of a larger domain of solutions (Figure 2).
NOVEL SCENARIO
1. TRANSLATION OF DRIVER’S
PERCEPTIONS

2. ENGINEERING DESIGN

CAE

Testing

Optimization
Evaluation of
significant
conditions

Topological
optimization

Elicitation
Reference
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Literature

Engineering
constraints

DFMA
Constraints due
to regulations,
manufacturability
and assembly

Numerical
validation
FEA

Final design

3. PRODUCTION
Physical realization of the firstattempt prototype

Documentation

Figure 2: Workflow of the existing scenario.
During the translation of the drivers’ perceptions to engineering constraints and requirements, two
main steps concerning the collection of the drivers’ perceptions and their translation into engineering
constraints are defined. In the first, the significant conditions needed to carry out a survey are
defined and the data are collected by means of elicitation. Knowing the drivers’ perceptions, the
engineering constraints and their reference values are evaluated from the literature and by specific
CAE simulations and/or experiments.
In the engineering design of new racing mini motorcycle frame, the engineering constraints are
used as input to the topological optimization and for a static FEA validation. Starting from the shape
validated by the numerical analysis, the final design is obtained by introducing manufacturing and
assembly constraints.
In the following two sub-sections, the phases of the methodology which allowed the design of
the new geometry are presented.
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3.1

Translation of Drivers’ Perceptions

The translation of users’ feeling about the driveability is complex, since their perceptions vary at
every instant during the race. Moreover, the driver uses his or her memory to record sensations and
perceptions, transmitting them only at the end of the race or practice session (Peng 2017).
Furthermore, different drivers have different driving sensitivities and different capabilities as testers.
In order to identify the stability and handling characteristics required of a mini motorcycle frame,
20 riders with different experiences, skills, and sensitivities were interviewed. For all of them, the
fundamental parameters affecting the performance of a mini motorcycle are:
•
corner entry stability;
•
turning stability.
Such indicators, together with the limits imposed by specific regulations, were used as criteria to
benchmark the most widely racing frames available on the market:
•
the trellis frame, made of steel welded tubes;
•
the Deltabox, made of two steel flat arms connected together on the steering pin.

In particular, drivers’ judgments have been provided on a numerical scale (1 to 10) for
judging the corner entry stability and the turning stability for both the frames. Drivers
have been categorized into three groups according to the level of driving experience: basic
level (up to three years of experience), medium level (up to five years of experience), and
high-level (more than five years of experience). Judgments have been weighted according
to the level drivers belong.IN particular, the less experienced is the driver, the minor is
the weight used for weighing the judgment. The resulting judgment for each criterion is
the average of the weighted ones. The results of the drivers’ judgments on the two frames
are reported in Table 1.
According to the drivers’ experience resulting performance of the two different frame typologies
mentioned above present are the following:
•
the trellis frame (Frame 1) presents high turning stability and low corner entry stability.
•
the Deltabox frame (Frame 2) presents low turning stability and high corner entry stability.
All the drivers agreed that neither solution is optimal, even if the most commonly used is Frame 1
because stability is more important for their driving perceptions during the curves than in the curve
entrance.
As reported in the literature, the stability and handling characteristics of a motorcycle perceived
by the rider during turning are strictly correlated to the torsional and flexural stiffness ([3], [4],
[6]): in the case of low-stiffness, the perception is of a slow and heavy motorcycle; conversely, a
more rigid structure will lead to the perception of better receptiveness and handling.
The torsional stiffness (Kt) can be evaluated by using the following expression:
𝐾𝑡 =

𝑴𝑡𝑡
𝛼

(3.1)

where Mtt is the applied torsional moment. Under the assumptions of:
•

linear elasticity,

•

small displacements, and

•

small deformations,

the angle α can be evaluated according to the schematization reported in Figure 3, with la and lb
being the maximal displacements.
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drivers
1
2
3
Basic level drivers
4
5
6
"basic level" weight
0,7
weighted average for basic level drivers
7
8
9
Medium level drivers
10
11
12
"medium level" weight
1
weighted average for medium level drivers
13
14
15
16
High level drivers
17
18
19
20
"high level" weight
1,3
weighted average for high level drivers
result

trellis frame
corner entry
turning
stability
stability
4
7
3
7
4
7
3
8
3
9
2
9
3,2
7,8
2,2
5,5
3
7
3
8
2
7
3
8
3
8
2
7
2,7
7,5
2,7
7,5
3
8
3
8
2
9
3
9
3
9
3
8
3
8
4
8
3
8,4
3,9
10,9
2,9 (low)
8,0 (high)

Deltabox frame
corner entry
turning
stability
stability
9
2
9
3
9
2
8
3
9
2
8
3
8,7
2,5
6,1
1,8
9
2
8
4
8
3
8
4
8
4
8
3
8,2
3,3
8,2
3,3
8
2
8
2
8
3
8
3
8
2
9
2
8
2
8
3
8,1
2,4
10,6
3,1
8,3 (high)
2,7 (low)

Table 1: Numerical judgments related to the trellis and deltabox frames.
lb
la

Figure 3: Scheme for evaluation of the torsional stiffness.
The expression of flexural stiffness (Kf), under the assumptions that the fixed constraint is positioned
in the rear wheel axis and the load is on the front suspension, is as follows:

𝐾𝑓 =

𝑴𝑓
⁄𝐿
𝐷𝑚𝑎𝑥

(3.2)

where:
•

Mf is the applied flexural moment;

•

L is the frame length;
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•

Dmax is the maximum displacement.

The measurement of the stiffness in existing frames is difficult, especially because separation of the
flexural moment from the torque during loading is not completely possible (e.g. [1129]). Hence, in
this specific case study, FEA results have been used for the evaluation of the reference values for
the torsional and flexural stiffness. In the proposed methodology, this evaluation is performed in
two sub-steps, namely reverse engineering (RE) and FEA (Figure 4).
RE
Geometrical
data acquisition

FEA
Data elaboration for
surface generation

CAD model

Static analysis
of the frame

Figure 4: Calculation steps for reference values of the torsional and flexural stiffness.
The geometrical data acquisition (Figure 5, A) delivers a cloud of points as its output, to be connected
in a polygonal mesh and rebuilt by means of NURBS (Non-Uniform Rational B-Splines) surfaces
(Figure 5, B). Imported NURBS surfaces in a CAD environment (Figure 5, C) help in generating
peculiar curvatures and shapes for CAD model generation (Figure 5, D). The CAD models have been
discretized by means of finite elements.

Figure 5: Reverse engineering on the frame (A: geometry acquisition, B: NURBS generation, C:
spline definition for the path; D: generated CAD model).
Figure 6 and Figure 7 show the schematizations and formulas used to calculate, respectively, the
flexural (Figure 6) and torsional (Figure 7) moments. In particular, design parameters as n, h, l
depend on the angle β, which is the inclination of the frame once mounted on the mini-motorbike.
These parameters depend also on the tyre contact point with the asphalt and the radius of the front
wheel (a).
Computer-Aided Design & Applications, 17(6), 2020, 1116-1129
© 2020 CAD Solutions, LLC, http://www.cad-journal.net

1123

𝑴𝑓𝑙 = 𝑭𝑓 ∙ ℎ𝑐 − 𝑵𝑓 ∙ 𝑙
𝑭𝑓 =

𝑵𝑓
𝑎+ℎ

; 𝑵𝑓 = 𝑷

Figure 6: Load configurations and equations used to calculate Mfl.
The flexural moment is evaluated under the assumptions of the maximal braking limit on the front
wheel; substituting the values referred to in the test case in the expressions of Figure 6, the following
flexural moment is obtained:
Mfl=-116.25Nm

(3.3)

The torsional moment is valued by considering the following simplifying hypotheses:
•

a constant-radius curve;

•

constant motorcycle speed 𝒗⃗⃗ ;

•

negligible gyroscope effect;

•

null corner drift of the rear and front wheels (λ𝒓, λ𝒇);

•

point-to-point contact between wheels and asphalt;

•

tyres in pure rolling condition;

•

nil wheel-tightening torque;

•

a radius of curvature 𝑅𝑐 much greater than the pitch of the mini motorcycle p;

•

load transfer due to a negligible contribution of aerodynamic force compared to the
vertical loads on the wheels;

•

zero yaw moment.

In the expressions shown in Figure 7, substituting the values for the test case considered here, the
torsional moment is as follows:
Mtt=83Nm

(3.4)

Fixed restraints are applied to the frames in the Altair® OptiStruct environment, as reported in Figure
8 A and B. Flexural and torsional moments are applied to the steering head centre point of both
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frames (Figure 8 C). Material properties of the 25 CrMo4 steel (the typical material used for the
mini-moto bike frame) are set for the model.

𝑴𝑡𝑡 = 𝑭2𝑐 − 𝑵𝑟2
𝑭2𝑐 =

𝑵𝑓

𝑠𝑖𝑛𝜑

; 𝑵𝑟2 = 𝑵𝑓 /𝑠𝑖𝑛𝜑

Figure 7: Load configurations and equations used to calculate Mt.

a)

b)

c)

Figure 8: Boundary conditions on the frames.
Figure 9 depicts the results in terms of displacement for the two frames and for the two moments.
Substituting the corresponding moments’ values (Mtt and Mf) and the maximum displacements
obtained by FEA analysis into expressions (1) and (2), the values of torsional and flexural stiffness
reported in Table I are obtained. The results show a higher flexural stiffness for the Deltabox and a
higher torsional stiffness for the trellis frame. Consistently with considerations reported in the
literature, the flexural stiffness is higher for the Deltabox frame, which means that it is more stable
during braking, to the detriment of manoeuvrability when entering the curve. Moreover, the greater
torsional stiffness of the trellis frame justifies greater stability in the curve distance compared to the
Deltabox.
3.2

The Engineering Design of the New Mini Motorcycle Frame

In order to conceive a novel frame, a topological optimization is adopted with the aim of exploring
a larger domain of solutions for mass minimization and stiffness maximization. A block-shaped
geometry is built in the CAD with the overall volume of the frame (Figure 10). The holes for the
steering tube and the rear swing arm are added to the CAD model, together with the related bushes.
Hence, the model is imported into Altair’s Inspire software. The material assigned is 25CrMo4 steel
(the typical material used for the mini-moto bike frame). The constraints used for the topological
optimization are the values of Kt of the trellis and Kf of the Deltabox (Table 1).
The model for the topological optimization is restrained by requiring a maximum stiffness of
20% of the design space and a maximal profile thickness of 20 mm. Two models resulted from the
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topological optimization: one optimized for maximal stiffness, (Figure 11a), the other for minimal
weight (Figure 11 b).
Starting from a trade-off model of the frames optimized in terms of minimal weight and maximal
stiffness, a CAD model of a novel frame is built. In particular, the trade-off model has been designed
as follows. The rear of the frame has been maintained as similar as possible to the frame depicted
in Figure 12 a), in order to increase stiffness. Concurrently, the front part of the frame has been
designed as similar as possible to the one depicted in Figure 12 b), for weight reduction and
reinforced to increase stiffness and allowing manufacturing. The design of the trade-off frame
followed the rules of design for manufacturing (Figure 12). Simplified shapes (same diameter for
holes wherever possible) have been used for ease of part fabrication. Moreover, rules of near net
shape processes have been followed as well as simplifications on part geometries.

Flexural moment

Torsional moment

Figure 9: Displacement on the two frames after application of the flexural and torsional moments.

Trellis frame
Deltabox frame

Kt (Nm/deg)
208.9
103.7

Kf (N/mm)
156.6
344.4

Table 2: Resulting values of torsional and bending stiffness for the frames.

FEA of the new frame is required in order to verify that the shape modifications introduced
̃𝑡 and 𝐾
̃𝑓 (Figure 13). By using the same
in the DFMA do not strongly affect the values of 𝐾
equations and boundary conditions as in Section 3, new values of the stiffness are
obtained. The obtained values of percentage errors (Table 3) are so small that it is possible
̃𝑡 and 𝐾
̃𝑓 .
to assume for the frame the values of 𝐾
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Figure 10: CAD model taken as input for the topological optimization.

a)

b)

Figure 11: Models optimized for maximal stiffness (a) and minimal weight (b).

Figure 12: Concept design of the novel optimized frame.

Flexural moment

Torsional moment

Figure 13: Displacement on the new frame after application of the flexural and torsional moments.
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Kt
Kf

Reference value
208.9
344.4

Optimised frame value
207,90
337,08

Err [%]
0.48%
2.10%

Table 3: Value and percentage errors for the torsional and flexural stiffness of the references and
the novel frame.
4

DISCUSSION AND CONCLUSION

In this paper, a systematic design methodology for the development of a new first prototype of a
racing mini motorcycle frame is proposed. In the proposed paper, two peculiarities can be
highlighted: first, the drivers' perceptions of driving have been taken into account as criteria for the
evaluation of design parameters describing the frames; second, the optimization has been applied
before the detailed design phase, in order to find the definitive shape for the frame.
Figure 14 summarizes the methodology implementation. Starting from the geometry of the
existing frames and the corresponding principal perceptions of the drivers, the proposed
methodology leads to the result of a frame with an innovative shape. The resulting frame, obtained
by the knowledge codification of the behaviour of the two existing ones, is a hybrid solution, which
presents both references values of stiffness (the flexural stiffness of the Deltabox frame and the
torsional stiffness of the trellis frame), with a reduction in the frame mass of about 10%. Due to the
mass reduction and the stiffness enhancement, the hybrid frame is expected to offer an interesting
performance. Such results will be validated in next experimental campaigns realized in collaboration
with an experienced racing mini motorcycle team. The same team measured a 20% reduction in the
time spent on frame development, as a result of the efforts in testing small modifications of parts
and translating the experience of nonprofessional drivers into technical requirements. Moreover, a
significant decrease of the cost was obtained with respect to the trial and error approach considering,
on one hand, the investment needed to arrange a computer-based laboratory and, on the other, the
reduction of the total number of prototypes needed to achieve competitive results on the track. The
computer-based approach, finally, allows the team to store the knowledge drawn from the
development process and reuse it for further analysis focused on the same component or to apply
the same approach to other parts of the motorcycle.
The methodology proposed for the design of the first prototype can also be used for the
optimization loop: by means of the engineering design and production phases, new shapes with
different references values of the stiffness can be produced. The designer, on the basis of the
indications received by the drivers in tests on the track, could modify the reference values of
engineering constraints and perform the stages of development and production again. This would
involve a significant reduction in the total number of iterations with respect to a trial and error
approach.
Future work will address the extension of the method to other areas of sports competitions, for
which the user and the product can be considered as a single system and the final performance
depends on the accuracy in transforming the users’ perceptions into engineering constraints and
requirements.
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Figure 14: Comparison of the original frame geometries with the novel one.
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