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The precision of projectile launching mechanisms, which utilize counter-rotating
friction wheels, is critical for system effec-tiveness. This study introduces a hybrid
approach combining multi-physics simulation with an intelligent optimization
algo-rithm to determine key design parameters. Initially, Finite Element Analysis
(FEA) and kinematics simulations were conducted on a 3D model to generate a
comprehensive dataset linking operational conditions to projectile dynamics.
This dataset then served to train a neural network for velocity prediction.
Subsequently, a genetic algorithm was implemented to optimize the friction
coefficient and inter-wheel gap by targeting a desired exit velocity range. The
proposed methodology successfully identifies optimal parameter configurations,
offering a robust, data-driven solution to a complex design challenge.
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1 Introduction

Advancements in robotics are prominently showcased in international robotics
competitions (Buss Becker et al., 2024; Deng et al., 2025; Yepez-Figueroa et al., 2025).
These contests feature clearly defined roles for various robot classes, exemplified by
Unmanned Aerial Vehicles (UAVs) equipped with launching mechanisms tasked with
deploying small projectiles (Zhang, 2025a). The competition framework incentivizes
students to translate theoretical knowledge into practical applications, thereby fostering
the extension of related technologies into sectors such as logistics and autonomous driving
(Tian et al., 2025; Hwang et al., 2025). Concurrently, these events serve as crucial platforms
for talent development within the robotics field, stimulating student innovation and
creativity, and thus acting as significant catalysts for the advancement of robotics (Liu
X. et al.,, 2024a; Lee et al., 2025).

Friction wheel systems represent the predominant launching mechanism employed in
these international robotics competitions. The fundamental principle involves utilizing the
high-speed rotation of two counter-rotating wheels to engage and accelerate the projectile,
primarily through frictional force, facilitating kinetic energy transfer and enabling precise
trajectory control (Zhang et al., 2024; Aparow et al., 2016). The core operational mechanism
hinges upon the effective application of compressive and frictional forces to the projectile,
which is crucial for ensuring it attains sufficient initial velocity for effective target
engagement (Zhang X. et al, 2025a; Tang et al, 2025). However, in practical
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applications and structural design, the performance of these
systems is significantly influenced by several critical factors,
notably the d between the wheels, the coefficient of friction
associated with the wheel material, and the wheel diameter
(Silva-Rivera et al,, 2021). Improper specification of any single
parameter can lead not only to energy losses during
acceleration but may also precipitate critical malfunctions,
including jamming or trajectory deviations (misfiring),
which significantly compromise the overall reliability of the
launching system. For instance, setting the d too small may
subject the projectile to excessive compression, impeding
smooth passage and potentially leading to system blockage
or mechanical damage. Conversely, an excessively large
distance results in insufficient contact force for effective
frictional drive, causing inadequate exit velocity and
consequently impairing impact effectiveness (Gao et al,
2025). Furthermore, an unduly low coefficient of friction
increases the propensity for slippage during acceleration,
diminishing kinetic energy transfer efficiency and preventing
the projectile from attaining its nominal operational velocity.
Therefore, determining the optimal solution amidst this
complex interplay of interacting structural parameters
represents the pivotal challenge in enhancing
performance (Liu Z. et al., 2024b; Guo et al., 2025).

Given that these mechanisms typically operate under

system

extreme conditions—characterized by high speeds, high
operational frequencies, and significant impact loads—even
minor variations in structural parameters can induce highly
non-linear, and potentially abrupt, effects on overall system
performance (Tan et al., 2023; Gao and Yi, 2025; Li et al., 2025).
Traditional parameter design methodologies often rely heavily
on empirical rules and linear models, approaches that
frequently prove inadequate when addressing the intricate
dynamics of complex, non-linearly coupled systems
(Rongzhou et al., 2025; Zhizhong et al.,, 2023; Li and Li,
2025). Consequently, exploring more rigorous, systematic,
and efficient optimization strategies for performance
modeling and critical parameter identification pertaining to
the launching mechanism holds significant theoretical
importance and substantial engineering value (Gao et al,
2024; Maxa et al.,, 2025; Lu et al., 2024).

This study originates from a robot manufacturing project.
As an integral part of robot research and development, the
launching mechanism is crucial to the R&D of the robot. We
firmly believe that this research can provide inspiring ideas for
future studies. 3D model simulation software serves as a crucial
tool for conducting relevant research, enabling the simulation
of complex physical phenomena. The Finite Element Method
(FEM) is one of its core technologies, which can discretize and
solve models to achieve accurate analysis of problems such as
structural mechanics and electromagnetic fields. Based on this,
optimization research aims to identify the optimal parameter
combinations through optimization algorithms like genetic
algorithms, thereby improving simulation accuracy and
efficiency while reducing the consumption of computational
resources. This approach holds significant application value in
fields including engineering design and material processing

(Nikoli¢ et al., 2015; Gajevic et al., 2024; Joksi¢ et al., 2023;
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Zhang, 2025b). In this study, consideration was given to the fact
that different software packages possess distinct advantages:
ANSYS is suitable for finite element analysis, while ADAMS is
more appropriate for kinematic simulation (Zhang and Ma,
2024; Liu et al., 2023; Xin et al., 2025; Srinivasarao et al., 2021;
Serrao et al.,, 2021; Krenn and Schlicke, 2025). Therefore,
finite element analysis (FEA) of the three-dimensional model
for robotic projectile launching was conducted in ANSYS, and
kinematic simulation was completed in ADAMS (Zikri et al.,
2025). Through the application of neural network (NN)
models, this work successfully overcomes the limitations
inherent in traditional regression methods when dealing
with high-dimensional, non-linear modeling challenges. The
developed NN approach demonstrates the capacity to
accurately predict key launch performance indicators across
diverse design scenarios, even in the presence of complex
physical constraints and parameter interdependencies (Zhou
etal.,, 2025). Furthermore, this research elucidates the complex,
non-linear, and interactive influences of the friction wheel’s
coefficient of friction and diameter on overall system
performance. Optimizing the wheel diameter inherently
involves navigating a trade-off between available structural
space and the implications of the chosen friction coefficient.
The
approach offers considerable advantages, not only reducing

adoption of a simulation data-driven modeling
experimental expenditure and time investment but also
markedly improving the resulting model’s adaptability and
generalization capacity for real-world engineering design
tasks (Chen et al, 2025). Finally, an optimization and
prediction model for launch velocity was established based
on an adaptive genetic algorithm (AGA). Through the
synergistic integration of the trained neural network with
multi-objective optimization algorithms, this framework
successfully identified optimal parameter combinations for
the robotic launcher’s friction wheels within
This
demonstrable improvement in the consistency and stability

specified

operational ranges. achievement results in a
of the projectile’s exit velocity (Zhang Z. et al, 2025b; Pu

et al., 2025).

2 Description and launching principle
of the projectile launching mechanism

In this study, the dimensions of the robotic system were
reconstructed at a 1:1 scale using the professional modeling
software SolidWorks. Meanwhile, the researchers assigned
corresponding material parameters to the projectile and the
launching mechanism respectively. Specifically, the projectile is
made of thermoplastic polyurethane (TPU), while the launching
mechanism is composed of polyurethane (PU) and aluminum alloy.
These settings fully ensure the reliability of the three-dimensional
model. The configuration of the robotic launching mechanism is
illustrated in Figure la. It primarily comprises a projectile feeding
conduit, two friction wheels, and a barrel. Notably, the friction
wheels represent the most critical functional units (Figure 1b). Each
individual friction wheel assembly consists of an electric motor, an
aluminum alloy inner core, and an external Polyurethane (PU)
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FIGURE 1
Model and schematic of the launching mechanism. (a) 3D model of the launching mechanism. (b) Structure of the friction wheel assembly. (c) Cross-

sectional view of the launching mechanism. (d) Schematic diagram of the launching mechanism.

TABLE 1 Rubber coating of the friction wheel. TABLE 2 Core of the friction wheel.
Material type PU Material type Aluminum alloy
Inner diameter 46 mm Outer diameter 46 mm
Outer diameter 60 mm Density 2.7e-06 kg/mm’*
Density 1.2e-06 kg/mm’ Poisson’s ratio 0.33

Poisson’s ratio 0.29 Elastic modulus 68,900 MPa
Elastic modulus 8.4 MPa Bulk modulus 67,549 MPa
Bulk modulus 6.6667 MPa Shear modulus 25,902 MPa
Shear modulus 3.2558 MPa

TABLE 3 Projectile.

cladding. The projectile material is TPU, which combines high
strength and high elasticity. It has a high tensile strength, Parameter Value

enabling it to withstand large launch impact forces without being

Material type TPU

easily damaged. At the same time, it has excellent elasticity and can o
quickly return to its original shape after being deformed by external Outer diameter 17 mm
forces, which is beneficial for maintaining the motion stability of the Density 1.25¢-06 kg/mm®
projectile. Moreover, it has extremely outstanding wear resistance
and can endure multiple launch frictions during repeated contact Poisson’s ratio 049
and friction with components such as friction wheels. Material Elastic modulus 48.5 MPa
characteristic parameters for the PU cladding, the aluminum

. . ) ) Bulk modulus 808.33 MPa
alloy core, and the projectile material are detailed in Table I,
Tables 2,3, respectively, Shear modulus 16.275 MPa
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Figure lc presents a cross-sectional view of the launch
mechanism. Miniature bearings are positioned above and
below the anticipated projectile path between the two
friction wheels, effectively
suspended upon The
projectile launching sequence is depicted in Figure 1d. A

ensuring the projectile is

initial contact with the wheels.
projectile (shown in green) travels vertically upwards along a
linear trajectory with a certain initial velocity until it reaches
the central position between, and contacts, the left and
The left
counterclockwise at a high angular velocity w;, while the

right friction wheels. friction wheel rotates
right friction wheel rotates clockwise at a high angular
velocity w,. As the projectile enters the space between and
the wheels, the opposing

(counterclockwise for the left, clockwise for the right)

contacts rotation directions
generate frictional forces based on the relative motion
tendency at the contact interface. Specifically, the left wheel
imparts an upward-left frictional force, and the right wheel
imparts an upward-right frictional force onto the projectile.
The synergistic effect of these frictional forces propels the
projectile vertically upwards. In this modeling, a fixed
robotic system is adopted, meaning the robot’s launching
mechanism is rigidly connected to the robot via bolts and
other fasteners. During operation, the position and posture
of the robot body remain stationary, and projectile launching is
achieved solely through the movement of the extrusion module
in the end effector. Through dynamic, kinematic, and body
constraint models, this modeling clearly describes the entire
process of the projectile from “extrusion to detachment”.

According to Hertz contact theory, the contact deformation
between the friction wheels and the projectile is directly related
to the d between the wheels. When this distance decreases, the
compressive deformation experienced by the projectile and
wheels increases, leading to an enlarged contact area A. An
increased contact area enhances the effectiveness of the
frictional force, governed by F;=uF (where u is the
coefficient of friction and F is the normal load), allowing the
projectile to receive a more substantial frictional driving force
and thus experience greater acceleration. Conversely, if d is
excessively large, the resulting insufficient compression leads
to a smaller contact area, diminishing the frictional drive
exerted on the projectile and consequently reducing the
exit velocity.

The
(specifically  for

derivation based on the Hertz contact model
sphere-cylinder  contact in  this
approximation) relies on several assumptions: the materials
are isotropic, and the deformation is small, implying the
contact zone dimensions are significantly smaller than the
overall dimensions of the contacting bodies.

Key geometric and mechanical parameters are defined
as follows:

Radius of the spherical object (projectile):
Ry = @;/2 1)

Radius of the cylindrical surface (friction wheel):

R, = (1)1/2 (2)
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Equivalent radius of curvature:
1/R=1/R, +1/R; (3)
Effective (equivalent) elastic modulus, where E;, E, are the

Young’s moduli and v, v, are the Poisson’s ratios of the two
contact materials:

1/ 1-9 1-9?
E' == 1y - 2 (4)
2 El E2
Under a normal load F, the contact radius a is calculated as:
3FR 1/3
= 5
a <4E’ ) >
Pressure distribution:
3F
= 6
Po 2ma? ©

Pressure at an arbitrary radial distance r:

p(r) :Po\/l—% )

Normal deformation (indentation depth):

92 \"”
°" (ME—R) ®

Under static or quasi-static contact conditions, the system
adheres to the momentum conservation equation:

V-o+b=pii 9)

where o is the stress tensor, b is the body force vector, p is the
density, The Finite
Element Method (FEM) typically solves this using its

and # is the acceleration vector.

weak form:

J 6quiidQ + j 8¢l odQ) = j su'tdr (10)
Q Q "

Iy

Given the soft nature of the TPU projectile, its behavior is
appropriately represented using hyperelastic material models, such
as the Mooney-Rivlin or Ogden models:

W:C10(i1—3)+C01(1-2—3) (11)

N
Aui o o o
W:Z; (A% + A + 18 -3) (12)

=171

Contact forces can be calculated using methods like the Penalty
Method, where the contact force F, is linearly proportional to the
penetration depth g and contact stiffness k:

Fo=k-g (13)

Frictional forces are governed by the Coulomb friction law,
where the tangential friction force F, is limited by the normal force
F, and the coefficient of friction u:

F,<uF, (14)

frontiersin.org


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2025.1707301

Luo et al.

( a) A: Transient Structural
Transient Structural
Type: Equivalent Elastic Strain
Unit: mm/mm
Time: 3.5044e-002 s
Max: 3.00502e-4
Min: 1.88398e-13

. 4.00000e-4
1.00000e-4
8.75000e-5
7.50000e-5
E 6.25000e-5
5.00000e-5
| 3.75000e-5
2.50000e-5
I 1.25000e-5
1.88398e-13

—_—
(2)
~—

——d=13mm
= d=14mm
———d=15mm

0.0003 -

Average
0.0002 -

S 0000212 Al & RASAL S

0.000173—
0.0001 - HEBYM - - 1P 44

Equivalent
Elastic Deformation(mm)

0.0000

0.00 0.;15 0.‘10 0.15
Time(s)

FIGURE 2

( b) A: Transient Structural

(d) 0.003

10.3389/fmech.2025.1707301

Transient Structural

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 3.5044e-002 s

Max: 2.45342e-3

Min: 5.8718%e-9

. 3.00000e-3
1.00000e-3
8.75001e-4
7.50001e-4
6.25002e-4
~ 5.00003e-4
& 3.75004e-4
2.50004e-4
I 1.25005e-4
5.87189%e-9

—_—
© ——d=13mm
o —— d=14mm
= ———d=15mm
w
» 0.002 -
Q Average
—
-
»n
- \ 0.00165— ANNE~ Fullla
< 3 0.00135— gl~asAZN THUIR
2 oot 0.00101— ef —————
© - I
2
>
S 0.000

0.00 0.05 0.10 0.15

Time(s)

Simulation analysis of the effect of the d on launch dynamics. (a) Simulation contour plot of wheel strain for a given d. (b) Simulation contour plot of
wheel stress for a given d. (c) Comparison of wheel strain at different d. (d) Comparison of wheel stress at different d.

To address the high-speed, highly non-linear dynamics
characteristic of this problem, explicit integration methods
are often employed. The central difference method is a
common choice:

U™ = 20" — " + AP (15)

Analysis of the projectile’s velocity

conducted within the framework of Multibody Dynamics

change is

(MBD). The linear surface velocity of the friction wheels is
given by:

Vuwhe = WR (16)

where w is the angular velocity and R is the wheel radius.
Assuming the angular velocities of the left and right
wheels are w; and w, respectively, the tangential frictional
forces accelerate the projectile according to Newton’s

second law:
m——= Ffricl + Ffric; (17)
Here, F e = uF,, where the normal force F, arises from the
compressive forces exerted by the wheels.

The velocity increase can also be related to the work done by
friction through the work-energy theorem:

1
W = JFf,ic'vdt:Emvz (18)

Frontiers in Mechanical Engineering

3 Investigation of parameter effects on
the projectile launching process

3.1 Influence of different parameters on
mechanical characteristics during launch

This section details the mechanical simulation analysis of the
projectile launching sequence. Owing to the inherent tendency for
relative motion between the projectile and the high-speed rotating
friction wheels, tangential frictional forces initiate on the wheel
surfaces upon contact. Concurrently, the wheels experience radial
compressive forces exerted by the projectile, leading to the
development of stress concentrations within the contact interface.
As interaction progresses, the contact area between the wheels and
the projectile expands, causing a corresponding intensification of
stress and strain levels within this zone. Finally, as the projectile
nears disengagement from the wheels, the magnitude of the force it
imparts diminishes, resulting in a subsequent reduction in the stress
and strain experienced by the wheels.

3.1.1 Influence of friction wheel spacing on
mechanical behavior during launch

The forces experienced by the friction wheels vary depending on
the inter-wheel distance (d), as investigated for d = 13 mm, d =
14 mm, and d = 15 mm. As illustrated in Figure 2, a smaller gap (d =
13 mm) results in a greater compressive force exerted by the
projectile onto the friction wheels. Consequently, this
configuration exhibits a more rapid increase in stress and strain

frontiersin.org
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coefficient on wheel stress. (c¢) Comparison of wheel strain at different coefficients of friction. (d) Comparison of wheel stress at different coefficients

of friction.

within the contact zone, coupled with a more pronounced
propagation of the high stress/strain region across the wheel
surface and into its subsurface. Conversely, as the projectile
approaches disengagement, the force imparted by it gradually
diminishes, initiating a decline in the stress and strain levels.
Examination of the stress/strain contour plots and associated
data curves confirms this behavior: the magnitudes of stress and
strain progressively decrease during the latter phase of the launch
sequence, eventually returning to relatively low baseline levels after
the projectile has fully separated.

3.1.2 Influence of friction coefficient on
mechanical behavior during launch

The continued upward movement of the projectile leads to an
expansion of the contact patch on the friction wheels. These wheels
are subjected to a dual loading condition: radial compression from
the projectile and tangential friction resisting their rotation. Stress
and strain concentrate prominently at the contact interface,
propagating into the wheel material while diminishing distance
from the contact center. The entire contact-compression-
disengagement cycle induces a dynamic stress-strain response
the wheels,
subsequent variations reflecting changing contact dynamics, and

within characterized by an initial build-up,
a final decrease upon projectile exit. This results in a characteristic
time-dependent stress/strain curve showing an initial rise,

intermediate fluctuations, and a concluding fall. The coefficient

Frontiers in Mechanical Engineering

of friction p significantly influences this mechanical response.
Elevated y values (illustrated by g = 0.5) intensify the loading
stress and strain

conditions, leading to

magnitudes and wider distribution of these high levels within the

increased peak

wheels. This trend is evident where higher u generally corresponds
to greater peak stress/strain and a larger affected volume. Figure 3
provides visual confirmation, showing substantially greater
equivalent stress and equivalent elastic strain for y = 0.5 relative

to the 4 = 0.3 and y = 0.4 cases.

3.2 Influence of key parameters on projectile
launch kinematics

The focus of this chapter is the kinematic behavior of the

launching mechanism, examined through simulation. The
distance between friction wheels, friction coefficient, material
density of friction wheels, and elastic modulus of friction wheels
may all affect the projectile’s exit velocity. Through analysis, the
distance between friction wheels and the friction coefficient have a
relatively significant impact on the projectile’s exit velocity, while the
other two factors exert a minor influence. Therefore, this study
mainly explores the effects of the distance between friction wheels
and the friction coefficient on the projectile’s exit velocity. A 3D
model of the assembly was constructed and then utilized within a

kinematics simulation software package. Through these simulations,
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velocity. (b) Effect of varying center-to-center distance with a fixed wheel diameter on exit velocity.

the study systematically evaluated the impact of key geometric
variations: the effect of the friction wheel d on launch velocity;
the consequences of unequal wheel diameters (single-wheel
asymmetry) for both launch velocity and trajectory deviation
velocity; and the influence of offset mounting hole positioning on
these performance indicators. It was determined that excessive d
between wheels results in poor contact and diminished friction,
hindering projectile acceleration. Insufficient d, conversely, causes
over-compression and obstructs projectile passage, preventing
ejection. Discrepancies in wheel diameters lead to differing
surface velocities and asymmetric forces on the projectile,
consequently lowering the exit velocity and inducing lateral
motion (deviation velocity).
misaligned mounting disrupts the uniformity of contact pressure
and deformation, introduces lateral forces, and destabilizes the

Moreover, non-concentric or

projectile’s trajectory, negatively affecting exit velocity, accuracy,
and generating deviation velocity.

3.2.1 Effect of friction wheel spacing on
exit velocity

The relationship between friction wheel spacing and projectile
launch velocity was investigated under two distinct conditions
modifying the d. The first condition involved varying the friction
wheel diameters ® while maintaining a fixed center-to-center
distance, thus inversely relating ® to d. The resulting exit
velocity versus d characteristics for coefficients of friction y = 0.3,
0.4, and 0.5 are presented in Figure 4a. The second condition
maintained constant wheel diameters but varied the center-to-
center distance, directly correlating this distance with the radial
gap d. Figure 4b illustrates the corresponding exit velocity versus d
relationships for the same y values under this second condition.

Comparative analysis of Figures 4a,b indicates strikingly similar
trends relating exit velocity to the d in both approaches. Both
configurations demonstrate that excessively narrow gaps prevent
projectile ejection, while overly wide gaps yield insufficient exit
velocities. Additionally, higher coefficients of friction generally
broaden the range of operable gap distances. Nonetheless, minor
differences are apparent. The minimum operable gap for launch is
slightly smaller in the first condition (d = 10.44 mm) compared to
the second (d = 10.78 mm), implying launch initiation may be less
constrained when adjusting diameters at fixed centers. Considering
exit velocities greater than 20 m/s as satisfactory, the effective

Frontiers in Mechanical Engineering

operational range for d is [10.44 mm-16.68 mm] under the first
condition and [10.78 mm-16.8 mm] under the second. Crucially,
evaluating the range of exit velocities achieved across the launchable
d intervals reveals that the second condition (adjusting center
distance, fixed diameter) produces a smaller velocity variation
than the first. This suggests that manipulating the center distance
offers superior stability and consistency in the projectile’s exit
velocity compared to altering wheel diameters.

3.2.2 Effect of diameter mismatch on exit and
lateral deviation velocity

Disparities in friction wheel diameters @ influence not only the
projectile’s exit velocity but also induce lateral trajectory deviations.
If the wheel diameters differ while operating at identical angular
velocities (w; = w;), their peripheral linear speeds (v = wr) will
inevitably be unequal (v; # v,). Given that the effectiveness of the
frictional force (F y = uF) relates to the surface velocity at the contact
interface, the driving forces applied by each wheel become
asymmetric. Specifically, the wheel with the larger diameter
possesses a higher linear speed and exerts a stronger tangential
driving force on the projectile, whereas the smaller-diameter wheel
provides a weaker impulse. This imbalance precludes symmetric and
balanced acceleration, thereby reducing the overall efficiency of
work done by friction and lowering the resultant exit velocity.

Regarding the impact on projectile deviation velocity: unequal
wheel diameters generate an unbalanced force system acting on the
projectile, resulting in a net lateral force component. The larger-
diameter wheel contributes a greater lateral component to the total
frictional force, compelling the projectile to deviate towards the side
with the smaller-diameter wheel. This sustained lateral force imparts
an additional transverse velocity component (deviation velocity) to
the projectile during ejection, causing its trajectory to diverge from
the intended linear path. The magnitude of this deviation velocity is
positively correlated with the difference in wheel diameters; a larger
diameter discrepancy leads to a more significant lateral force
component, a higher deviation velocity, and consequently, poorer
directional accuracy upon exit.

In the specific scenario where wheel diameters are inconsistent
but their center positions remain fixed, the projectile first engages
the larger-diameter wheel before contacting the smaller one. This
non-simultaneous contact ensures that the resultant horizontal force
acting on the projectile is not aligned with the desired launch axis,
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influencing the exit velocity while simultaneously generating a
horizontal deviation velocity. Simulations were conducted
under these fixed-center conditions, varying the diameter of
one wheel to create a radius difference. Figure 5a illustrates the
relationship between projectile exit velocity and this radius
difference for three coefficients of friction (¢ = 0.3, 0.4, 0.5).
As the radius difference increases, the d between the wheels also
widens. This widening gap is the primary reason for the observed
progressive decrease in exit velocity as the radius difference
grows. Figure 5b presents the corresponding relationship
between deviation velocity and the radius difference. Initially,
with identical radii (zero difference), the compressive forces are
balanced, and the deviation velocity is zero. As the radius
difference grows, the force imbalance introduces a deviation
velocity. However, the concurrent increase in the d progressively
reduces the overall compressive force exerted on the projectile.
When the gap d approaches the projectile diameter @, the
compressive interaction significantly weakens, causing the
deviation diminish  back
Consequently, the projectile’s deviation velocity exhibits a

velocity  to towards  zero.

non-monotonic trend as the radius difference increases
initially due to increasing force asymmetry, then falls as the
effect of the widening gap and reduced overall compression
becomes dominant.

3.2.3 Effect of relative wheel-projectile position on
exit and deviation velocity

Asymmetric positioning of the two friction wheels relative to the
projectile’s intended path results in non-simultaneous contact.
During the compression and launch sequence, the projectile
engages one wheel initially and disengages from the other wheel
finally. This temporal asymmetry inevitably precludes a balanced
and symmetric acceleration, leading to lateral deviation in the
projectile’s  trajectory. The influence of this asymmetric
positioning on projectile exit velocity and deviation velocity was

investigated under two distinct conditions.
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Condition 1: Constant d. Maintaining a fixed gap distance
between the wheels, simulations were performed varying the
lateral offset distance for three coefficients of friction (u = 0.3,
0.4, 0.5). Figure 6a illustrates the relationship between exit velocity
and wheel offset distance. It is observed that, across the different
friction coefficients, the exit velocity consistently fluctuates around
approximately 23 m/s, indicating that the offset distance exerts only
a marginal influence on the exit velocity under these conditions.
Conversely, Figure 6b shows the relationship between deviation
velocity and wheel offset distance. The deviation velocity
demonstrates a clear positive correlation with the offset distance,
increasing progressively as the offset becomes larger. Notably, this
increasing trend appears quantitatively similar for all three
coefficients of friction.

Condition 2: Constant Coefficient of Friction. Here, the
coefficient of friction was held constant while simulations were
running varying the offset distance for three different d (d = 13 mm,
d = 14 mm, d = 15 mm). Figure 6¢ presents the exit velocity as a
function of offset distance for these gaps. As anticipated, a smaller
gap imparts greater compressive friction, resulting in higher exit
thus, the follow the
Vaz13mm > Va=1amm > Va=15mm. Figure 6d depicts the deviation
velocity versus offset distance under these conditions. For all
three gap settings, the deviation velocity increases monotonically
with increasing offset distance. Furthermore, at any given offset

velocities; velocities trend

distance, a smaller d leads to a larger deviation velocity, maintaining
the comparative trend Vy=13m > Viaz14mm > Va=15mm-

4 Predictive model development and
launch velocity optimization using an
adaptive genetic algorithm

In practical applications, the ability to accurately predict the
launch velocity generated by the friction wheels holds significant
reference value for preventative equipment maintenance and
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enhancing operational accuracy (hit rate). While various predictive
modeling techniques are commonly employed, including Multilayer
Perceptron (MLP) and other machine learning or neural network
architectures, this study initially focused on developing a launch
velocity prediction model using friction wheel gap, coefficient of
friction, and wheel radius as input variables (illustrated in Figure 7).
To achieve efficient and accurate data training, this study adopts a
neural network model and conducts targeted design of core
structural parameters based on a comprehensive consideration of
model fitting performance and generalization ability. Regarding the
hidden layer configuration, a two-layer architecture is ultimately
determined: while a single hidden layer features a simple structure, it
struggles to capture complex features in the data and carries a
significant risk of underfitting; in contrast, three or more hidden
layers tend to cause the model to learn redundant information,
increasing the probability of overfitting. Therefore, the two-layer
hidden layer represents the optimal choice that balances fitting
effectiveness and model stability. The selection of the activation
function and loss function is also centered on research requirements:

Frontiers in Mechanical Engineering

the ReLU function is employed as the activation function, which
not only effectively mitigates the vanishing gradient problem to
ensure the stability of the training process but also offers the
advantage of high efficiency, capable of
accelerating the model training speed. For the loss function,
Mean Squared Error (MSE) is selected due to its high
sensitivity to data errors, enabling precise quantification of the

computational

deviation between predicted values and true values, which is
highly consistent with the study’s requirements for prediction
accuracy. In terms of data partitioning, to ensure training
effectiveness and evaluation reliability, the dataset is divided
into a training set, validation set, and test set at a ratio of 8:1:1.
Specifically, the training set, accounting for 80% of the total data,
is used for the core learning of model parameters; the 10%
validation set is utilized for hyperparameter tuning and
performance monitoring during the training process; and the
remaining 10% test set is employed for the independent
evaluation of the model’s final generalization ability, and the
model training results are shown in Figure 8. Analysis of the

frontiersin.org


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2025.1707301

Luo et al.

10.3389/fmech.2025.1707301

A
Training set

Validation set

ML
7 133

MLP
2.756

Our NN
0.763 ™

-————
-

L
A)

1 & .
M4E=;Z|y,-—y,-l
i=l

FIGURE 7
Architecture of predictive models (e.g., MLP, NN).

experimental data indicated that this initial model performed
adequately on the provided dataset, achieving prediction errors
within the range of 0.76 m/s to 1.33 m/s, thus demonstrating
reasonable predictive capability. However, a critical limitation of
such conventional models is their inability to determine the
specific input parameter settings required to achieve a desired
target launch velocity. This restricts their applicability in complex
real-world scenarios where parameter optimization is essential.
To address this deficiency, the present work introduces an
Adaptive Genetic Algorithm (AGA) specifically designed to
predict not only the resulting launch velocity but also the
corresponding  input  parameter  configuration needed
to produce it.

The conventional Genetic Algorithm (GA) framework
implemented in this study incorporates the following key
modifications to enhance its performance and applicability. As

shown in Figure 9.

« Instead of relying on a potentially complex physical model, this
approach employs an empirical average, denoted as ¥ = £ Z Vs
as a surrogate. Utilizing this surrogate obviates the need for

intricate first-principles modeling and enhances the
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Deviation
| Al

scenarios

adaptability,
characterized by limited data samples.

algorithm’s particularly  in
A piecewise fitness function, denoted as f (X)), is utilized. This
function applies differential evaluation criteria to candidate
solutions depending on whether they fall inside or outside a
predefined target interval. Such a strategy effectively guides the
population’s convergence towards the desired region, thereby
enhancing the algorithm’s capability for directed search within
that specific objective range.

1
|> Vimin <V < Vmax

£ = 1+ Viarge (19)

—| V—Viarget l , otherwise

The algorithm employs advanced genetic operators, pairing
the hybrid Blend Crossover (BLX —«) strategy with a
tournament selection mechanism. In comparison to
conventional single-point crossover and simpler selection
techniques, this

suitability for continuous parameter optimization tasks,

combination demonstrates  superior

achieves faster convergence rates, and more effectively
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maintains  population  diversity  throughout  the
evolutionary process.

o The implemented cascaded optimization methodology
simultaneously refines the coefficient of friction y and the
d. A key advantage of this technique is its integration of local
search data into the global optimization process, which
effectively prevents premature convergence to suboptimal

local solutions.
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?(x) = E[v|Nearest, (x)|]
F(X)=g@(@(x))

Due to the friction wheels squeezing and launching the
projectile, an excessively high rotational speed may excessively
consume the motor of the friction wheels, leading to motor
burnout, while an excessively low projectile exit velocity will
result in failure to meet the normal launch requirements.
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TABLE 4 Prediction effect of adaptive genetic algorithm.

10.3389/fmech.2025.1707301

Viarget (M/) d 7] Vp-GA AEg d 7] Vp-AGA AEpca MAEga MAEpGa
(mm) (m/s) (m/s) (mm) (m/s) (m/s) (m/s) (m/s)
22.02 15.66 0.46 22.11 0.09 15.84 0.47 22.08 0.06 0.44 0.28
22.08 15.60 047 22.19 0.11 15.79 0.49 22.18 0.10
22.14 15.79 0.46 22.11 0.03 15.96 0.37 21.95 0.19
22.20 15.93 0.42 21.97 0.23 15.67 0.48 22.19 0.01
22.76 15.75 0.48 24.64 1.88 15.82 0.47 21.97 0.79
22.82 15.53 0.38 22.25 0.57 15.54 0.43 2232 0.50
22.88 15.30 0.48 22.32 0.56 15.30 0.30 22.45 0.43
23.00 14.65 0.35 22.96 0.04 14.64 0.45 22.88 0.12
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FIGURE 9

Performance comparison between the Traditional and Adaptive Genetic Algorithms. Genetic Algorithms (a) and Adaptive Genetic Algorithms (b).

According to the optimal range of projectile exit velocity specified in
the competition, which is 22 m/s - 23 m/s, the optimization
objective of this study is set to Vigrger. To achieve this optimal
velocity range, optimal parameter sets are first predicted by the two
algorithms, these
combinations are validated through simulation. The experimental
results, summarized in Table 4, indicate that the GA yielded a mean

and subsequently, predicted parameter

error of 0.44, whereas the AGA achieved a significantly lower mean
error of 0.28. The validation thus confirms that the parameter
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configurations generated by the AGA model are more effective,
resulting in smaller velocity errors and demonstrating the model’s
superior predictive capability.

Following the optimization process, the actual launching
mechanism was adjusted according to the optimal parameters
derived, as illustrated in Figure 10. Subsequently, projectile
launch tests were conducted to acquire experimental data. A
comparison between the collected test data and the simulation
thereby

prediction data revealed a close correspondence,
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FIGURE 10
The experimental prototype of the launching mechanism.

validating the feasibility and effectiveness of the proposed model
and algorithm.

5 Conclusion

Key factors influencing stress and strain experienced by the
friction wheels include d and p. Decreasing d demonstrably
increases the maximum stress and strain, while employing a
higher coefficient of friction y likewise leads to greater peak
stress and strain levels.

Projectile performance is also directly impacted. Exit velocity
tends to increase with tighter d and a higher y. In contrast, the
magnitude of the deviation velocity (lateral offset speed) is positively
correlated with both the degree of misalignment in the friction wheel
mounting positions and the extent of the difference between the two
wheel radii.

An improved Adaptive Genetic Algorithm (AGA) is presented
herein to address these relationships. Compared with existing
research on the optimization of robotic launching mechanisms,
the advantages and innovations of this study lie in the adoption of an
optimization scheme combining neural networks with genetic
algorithms, which is a highly innovative optimization method.
Key features include cascaded optimization of y and d; a
piecewise fitness function for targeted search; and a blend
crossover strategy for enhanced exploration. These modifications
significantly boost search efficiency and the algorithm’s capacity for
global optimization. Experiments verify the model’s high predictive
accuracy (low error) and its direct utility in identifying parameter
sets needed to attain specific target velocities. Consequently, this
research delivers a precise, data-informed optimization framework
for launcher design, offering a robust solution to the intricate
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6 Limitations and future outlook

The optimal parameter combinations output by the genetic
algorithm in this study are derived under an idealized premise: it is
assumed that no wear occurs at the contact interface between the friction
wheels and the projectile during the transient process of projectile
launching. Although the wear effect of materials is unavoidable in the
actual dynamic meshing process, the core objective of this study is to
establish a baseline performance model and a parameter optimization
framework for the launching system. Therefore, as a reasonable
preliminary simplification, the time-varying wear effect has not been
incorporated into the current model. This treatment allows us to focus
on the direct impact of core parameters on the stability of the initial
launching velocity. On this basis, future research can integrate the
Archard wear model, which is well-established in the field of friction and
wear, into the existing framework. Owing to its wide applicability, this
model has been extensively employed in the wear prediction of friction
pairs, such as metal matrix composites and molds. The core formula of
the Archard wear modelis W = K Fﬁs, where W is the wear volume, K is
the wear coefficient, F is the contact pressure, S is the relative sliding
distance, and H is the hardness of the softer material. The wear
coefficient K in the model will be obtained through pin-on-disk
friction and wear tests: material pairs consistent with the actual
friction wheels (PU) and projectiles (TPU) will be selected, and the
wear behaviors under different contact pressures and sliding speeds will
be simulated on a friction tester. The K value will be derived by fitting
after calculating the wear volume via the weight loss method. The
contact pressure F will be extracted from the stress analysis results of the
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existing multi-physics simulation, with a focus on collecting the
distributions of maximum and average contact pressures in the
contact area between the friction wheels and the projectile. The
relative sliding distance S will be accurately calculated through a
kinematic model by combining the rotational speed of the friction
wheels and the contact time. Considering the transient variation
characteristics of contact pressure and sliding speed during the actual
launching process, the construction idea of the dynamic wear model will
be referred to. Specifically, the static wear coefficient K will be optimized
into a function that dynamically changes with contact pressure and
relative sliding speed. Meanwhile, combined with the fatigue hardening
characteristics of the friction wheel material, a surface hardness H curve
that varies with wear depth will be introduced to make the model more
consistent with actual working conditions. Through this scheme, future
research can deeply explore the influence of the wear effect on the long-
term performance and parameter robustness of the system, clarify the
retention ability of the optimal parameters under wear conditions, and
provide a quantitative basis for the regular maintenance cycle and
material selection optimization of the friction wheels. This will
enable the parameter optimization results of this study to be more in
line with the practical engineering requirements.

Although the practical application of the optimal friction wheel
parameters may face the issue that wear between the projectile and
friction wheels leads to changes in the actual distance between the
friction wheels, the parameter optimization method proposed in this
study still holds significant academic value and represents a meaningful
phase of progress. Firstly, this method clarifies the coupling laws
between parameters through theoretical modeling, providing a
design basis for subsequent research. Secondly, the optimization
results reveal the limitations of traditional empirical parameters,
promoting the paradigm shift in the industry from the “trial-and-
error method” to model-driven design. Finally, the parameter analysis
framework established in this study can guide engineers in prioritizing
parameters under constrained conditions. The improvement of such
systematic understanding serves as a key cornerstone for supporting
the sustainable development of the friction transmission field.
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Nomenclature

o Cauchy stress tensor

b Force

P Material density

i Acceleration vector

Su Test function

t Surface force

& Strain tensor

w Strain energy function

A Principal stretches

Ui &; Material parameter

F, Tangential friction force
F, Normal contact force

u Coefficient of friction

Wy, Wy Friction wheel angular velocity
Vi, V2 Projectile initial and final velocity
Dy, O, Friction wheel diameter
D Projectile diameter

d Friction wheel gap

u Coefficient of friction
Cyo> Co1 Mooney-Rivlin parameter
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