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Abstract: This article discusses the progress made in developing a new 3D-printed continuously
variable transmission (CVT) for an electric vehicle (EV) prototype competing in the Shell Eco-
marathon electric battery category, a global energy efficiency competition sponsored by Shell. The
proposed system is composed of a polymeric conic gear assembled in the motor axle and directly
coupled to the rear tire of the vehicle. The conical shape allows to implement a continuous variation
of the gear diameter in contact with the tire. The motor with the gear was mounted over a board
with linear bearings, allowing the speed ratio to change by moving the board laterally. A 3D-printing
slicing software with an optimization algorithm plug-in was used to determine the best printing
parameters for the conic gear based on the tangential force, maximum displacement and safety factor.
When compared to the original part with a 100% infill density, the optimized solution reduced the
component mass by about 12% while maintaining safe mechanical resistance and stiffness.

Keywords: continuously variable transmission; powertrain design; electric vehicle; 3D printing;
Shell Eco-marathon

1. Introduction

The automotive industry has been heavily reliant on the use of fossil fuels for decades.
However, due to rising diesel and gasoline prices, as well as environmental pollution and
fossil fuel depletion, it was concluded that alternate vehicle propulsion methods were
required. Electric vehicles (EVs) have been intensively studied and appear as a possible
solution for reducing global warming emission gases in this scenario. To put it in perspec-
tive, the transportation industry alone accounts for over 30% of global warming emissions
in the United States, thus switching to electric vehicles would be a very responsible and
environmentally sound option [1]. International conferences, such as the United Nations
Framework Convention on Climate Change (UNFCCC), also show international pressure
for the development of sustainable technologies. According to Miyamoto [2], the Kyoto
Protocol, which was signed in 1997, had an indirect impact on climate change discussion by
boosting the number of worldwide patent applications for renewable energy, emphasizing
the need for international cooperation on the subject.

The Shell Group sponsors an international competition called the Shell Eco-marathon,
which focuses on lowering vehicle fuel consumption and is competed in by university
groups of enthusiastic automobile teachers and students all over the world [3–8]. This and
similar events foster several automotive technology developments, including the demon-
stration of distinctive car designs, energy management systems, powertrain innovations,
advanced use of materials and manufacturing methods, mechanical designand the devel-
opment of new 3D-printed automotive parts [9–14]. A continuously variable transmission
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(CVT) provides a continuous range of gear ratios between predetermined limits, improving
a vehicle’s fuel economy and dynamic performance by better matching engine operating
conditions to variable driving circumstances [15].

Additive manufacturing and 3D printing technologies are rapidly changing machinery
engineering as we know it, allowing for more creativity and freedom in machine design
innovation, with numerous advantages over traditional manufacturing [16]. Free and
widely distributed computer-aided design (CAD) and manufacturing (CAM) software
tools, as well as well established computer numerical control (CNC) standards, combined
with readily available and affordable commercial 3D printers and materials, are fueling an
increase in the number of users and potential applications of these technologies, includ-
ing powertrain and other automotive components [17,18]. While almost anyone with a
basic understanding of 3D modeling and printing can create their own self-made parts
and devices, the wide design freedom in terms of geometry and materials, as well as
professional quality assurance, raises a slew of new complex engineering questions and
scientific uncertainties that go beyond basic design and functionality. Due to the design
and manufacturing versatility of 3D printing, as well as continuous change and evolution
in the range of available materials, the development and application of 3D-printed power-
train components is still in its infancy, but research and development activities underway
promise alternative feasible and breakthrough solutions.

In response to society’s desire for efficient and environmentally friendly small automo-
tive vehicles, this study proposes to design and validate a new 3D-printed CVT enabling
improved powertrain efficiency with a simpler, lighter, and cheaper design than existing
options for EV prototypes. The competition and EV prototype’s essential specifications are
presented first, with the main requirements for transmission design identified, followed by
the required engineering calculations and analysis. Following that, information about the
3D-printing technologies used is presented, as well as the analysis and results obtained
from the optimized printing parameters for CVT gear manufacturing. Finally, the most
important findings and conclusions are summarized.

2. Materials and Methods

At the Shell Eco-Marathon, prototype vehicles must complete a 12 km circuit in less
than 28 min, which equates to 10 turns on the circuit depicted in Figure 1. As a result,
an average speed of 25.71 km/h is required to complete the circuit without exceeding the
time limit. Normally, the circuit’s speed limit is set between 0 and 35 km/h.

Figure 1. Circuit diagram and image of the Brazilian start line for the Shell Eco-marathon competition (5 m wide rectangular circuit
with 90◦ curves with an 8 m radius).

The energy consumption unit commonly used for conventional vehicles with internal
combustion engines (ICE) is a physical unit of fuel volume per unit distance, such as
liters per 100 km (l/100 km). In the case of EVs, energy consumption is evaluated in
kWh per unit distance in km (kWh/km) [19]. At the Shell Eco-marathon, the most energy-
efficient vehicle that wins the competition is the one that completes the entire circuit in the
allotted time while consuming the least amount of energy; fuel, in the case of ICE vehicles,
or battery, in the case of EVs. The vehicle’s output speed is affected by the motor’s input
speed, the transmission speed ratio and the tire diameter. For simplicity, the prototype EV
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transmission system was first idealized with a fixed speed ratio, in which a gear was directly
connected to the tire of the rear wheel tire, eliminating the need for gear shifting and the
construction and implementation of a more complex driveline system. In this architecture,
when the throttle is pressed by the pilot, signals are sent to the motor controller to change
the motor speed, and consequently the wheel rotation. In the case of DC electric motors,
the speed range can vary from zero to thousands of rotations per minute (rpm) depending
on the voltage received from the motor controller. The first gear prototype design is shown
in Figure 2a. This component was 3D printed and assembled in a prototype vehicle in order
to validate the reliability of a plastic gear in the vehicle’s powertrain. However, this solution
harmed the performance and efficiency of the EV’s powertrain, affecting acceleration time,
top speed, available torque at the wheels, and energy consumption. Indeed, the narrow
output speed range obtained with this design in comparison to the torque required to start
the vehicle demonstrated the importance of a variable transmission.

(a) (b) (c)

Figure 2. Gear design concepts: (a) first gear attempt, (b) idealized conic gear and (c) final gear (left to right by order of appearance).

The simplest implementation of a variable transmission system began with an ideal-
ized conic gear, as illustrated in Figure 2b. This component was originally believed to be
assembled in the motor axle and directly coupled to the vehicle’s rear tire. If the electric mo-
tor was assembled with the proper inclination angle and on a movable platform, the conical
shape would allow the gear diameter in contact with the tire to gradually increase. As a
result, the solution was to mount the motor on a board with linear bearings, allowing the
speed ratio to be varied by lateral movement of the board. To move the motor base and
thus the gear, a system of strings and pulleys connected to a lever system can be attached
to the board. When necessary, the pilot may pull or push this lever, thereby changing the
speed ratio. The first conic gear designed, shown in Figure 2b, was able to achieve the
proposed speed range, however, its geometric format was not properly designed to handle
the contact force with the vehicle rear tire, resulting in teeth fractures, wear and loss of
performance. The EV prototype and idealized variable transmission concept employing
the final gear design in Figure 2c is shown in Figure 3.

Figure 3. EV prototype (left) and virtual representation of the idealized CVT concept (right).
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The maximum and minimum gear speed ratios u from the variable transmission can
be obtained considering the wheel tire diameter D and the maximum and minimum values
of the conic gear diameter d, given by

max u =
D

min d
and min u =

D
max d

. (1)

The vehicle speed Vx as a function of the gear ratio u and angular velocity of the electric
motor ω = 2πn/60, where n is the rotating velocity of the electric motor in rpm, from which
the limiting EV speeds can be determined, is given by

Vx =
ωD
2u

. (2)

Similar relations can be established to determine torque magnification at the wheel. The cor-
responding torques at the wheel and gear, TD and Td, respectively, can be determined
according to the rated power of the motor P and the transmission efficiency η, yielding

Td =
P
ω

and TD = uηTd. (3)

As previously stated, the final gear design depicted in Figure 2c was prototyped using
polymer additive manufacturing (AM) technologies, which involve layering materials to
create objects from 3D model data via material extrusion, in which the material is selectively
dispensed through a nozzle or orifice. The process is called FDM (fused deposition modeling;
a trademark of the company Stratasys), and it is a material extrusion process that uses
heated extrusion and layer deposition of materials to create thermoplastic parts. In its
untrademarked form, the FDM process is also referred to as FFF (fused filament fabrication),
and is typically associated with a less industrial grade technology (desktop, hobbyist level
3D printing technology). The 3D printer model used is the widely accessible, low-cost
and hobbyist grade technology, Anet A8. To determine the optimal printing parameters
for the STL part file generated from the 3D geometric model of the gear, a commercially
available plug-in and tool called SmartSlice was used. It is designed to be used with
Ultimaker’s Cura slicer software and incorporates an optimization algorithm. To ensure
structural requirements are met, the software is fed with the force acting on the component,
the component’s maximum displacement, and the desired safety factor. Additionally, this
plug-in makes use of modifier meshes to reinforce infill density in critical regions without
requiring the entire body to be reinforced with additional material.

3. Results and Discussion

Considering an intermediary value of motor speed n = 1900 rpm and the wheel
diameter D = 240 mm, it is possible to estimate the conic gear’s maximum and minimum
diameters according to Equations (1)–(3). The minimum and maximum gear diameters
chosen were min d = 68.71 mm and max d = 96.19 mm and the corresponding gear
speed ratios found were max u = 6.99:1 and min u = 4.99:1, respectively. For simplicity,
adopting 100% transmission efficiency, the variation of the vehicle’s speed and wheel
torque as a function of the gear diameter can be estimated. To gain a better understanding
of the forces and torques acting on the vehicle powertrain and to evaluate the proposed
CVT, a computational dynamic vehicle model of the EV prototype was implemented in
MATLAB/Simulink but is not shown here due to space constraints.

PETG was chosen as the material for the second version of the gear. The Table 1
compares the mechanical properties of PETG to those of some of the most commonly used
filaments in 3D printing from the 3Dlab brand. Although PLA is stronger than PETG, PETG
is better suited for outdoor use due to its resistance to weather and sunlight. PETG has a
temperature tolerance of approximately 75 ◦C. On the other hand, 3D printed parts made
of PLA must be kept below 55 ◦C to avoid thermal deformation and stiffness relaxation.
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Table 1. Typical material properties values of common filament materials for 3D printing.

Properties ABS PLA PETG

Tensile modulus [MPa] 1335 1896 1067
Yield strength [MPa] 14.7 24.8 18.6
Ultimate strength [MPa] 29 46 32.6
Strain at break [%] 7.08 3.69 7.74
Melting point [oC] 220 185 240
Specific weight [g/cm3] 1.04 1.24 1.27

The input data used to analyze the gear printing process are shown in Table 2.
The safety factor was defined as 1.5 and maximum displacement on the gear teeth flanks
to an applied distributed force was considered equal to 0.3 mm. The total load force
distributed on the teeth flanks was equal to 621.78 N and was obtained considering the
maximum traction force and the respective gear ratio discussed in the previous section.
As shown in Table 2, by adjusting the printing parameters to its optimized setting it was
possible to reduce the mass from 437.2 g to 386.7 g, maintaining an acceptable maximum
displacement and guarantying the safety factor previously stipulated. Figure 4 illustrates
the gear slicing process before and after optimization. In Figure 4 it is possible to verify the
mesh reinforcement close to teeth surface. Moreover, local reinforcements were used in
the part holes. Due to local reinforcement complexity, the printing time in the optimized
configuration was approximately 40 min higher, however, it is not critical in this project,
since the main concern is about improving the gear mechanical strength and stiffness.

Table 2. 3D printing optimization parameters and comparison of results.

Parameters
Initial settings Optimized settings

Extruder Local reinforcements Extruder Local reinforcements

Top and botton layers 3 - 4 3
Infill density [%] 100 - 35 85
Wall thickness [mm] 0.6 - 0.6 0.6
Wall line counting 3 - 2 3

Results

Mass [g] 437.2 386.7
Max displacement [mm] 0.24 0.28
Printing time 22h 57min 23h 36min
Factor of safety 3.92 3.24

Figure 4. 3D printed gear slicing comparison: initial (left) and optimized slicing (right) performed
with the 3D printing software Cura slicer from Ultimaker; the red lines denote external shell surface,
orange the infill region and green the inner wall.

4. Conclusions

The present work proposes a new continuously variable transmission (CVT) archi-
tecture utilizing a conic gear. This gear engages with the rear wheel’s tire and is coupled
to the electric motor axle. The speed ratio change is obtained moving the motor, which is
mounted over a movable board with linear bearings. The proposed variable transmission
is unprecedented and its constructive simplicity suggests opportunities for application
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in small vehicles. A computational model was implemented to simulate a prototype 3-
wheeled vehicle with this designed transmission. Furthermore, an optimization algorithm
was used to obtain optimized printing parameters for manufacturing the gear in PETG.
The obtained set of parameters demonstrated possibilities to reduce the gear mass about
12% in relation to the 3D-printed gear with 100% of material infill without loosing mechani-
cal resistance and stiffness. In future work the electric vehicle (EV) prototype will be tuned
and tested in a real-driving cycle. To determine the powertrain’s efficiency, data on speed,
time, motor current, battery voltage, and battery consumption will be collected. Additional
testing will be conducted to determine the transmission’s efficiency and durability.
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