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Abstract

Gaining aerodynamic advantage is crucial in cycling, wherein drag force can account for 90% of
resistance to a cyclist. The interaction of wind with the moving human and cycling equipment also
contributes to drag. Testing equipment for aerodynamic properties in a wind tunnel is of interest to
manufacturers in the sports industry. However, a protocol that needs to depend on the ability of a human
to accurately recreate desired poses and movements multiple times may be cumbersome during testing.
Additionally, a stationary mannequin does not accurately represent real-life cycling, where pedaling is
a constant. Hence, a moving mannequin is suited for such applications. In this contribution, we
demonstrate the development of a 3D printed articulating cycling mannequin. A cyclist was scanned
using a structured light 3D scanner. Our goal was to develop an articulating mannequin with pedalling
legs and a detachable upper-body to recreate two common cycling poses — time-trial and regular. In
this contribution, we describe the full development of the mannequin in time trial pose. This approach
outlines a low-cost method to developing mannequins for testing applications in sports.
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1. Introduction

Gaining aerodynamic advantage is crucial both for professional and amateur cycling performance,
wherein drag force can account for 90% of resistance to a road cyclist on level ground [1]. Next to the
shape and pose of the cyclist, the equipment (bicycle, apparel, and accessories) and its interaction with
the wind and the moving human contributes significantly to drag [2] [3].

Wind tunnels are gold standards for aerodynamic testing. Testing athletes and equipment combinations
for aerodynamic properties in a wind tunnel is of prime interest to athletes, teams and manufacturers in
the cycling industry [4].

Manufacturers may currently conduct wind tunnel tests:

e inthe absence of a human subject. Often, bicycles or bicycle frames are tested for aerodynamic
properties and their optimization. However, without evaluating its interaction with a human
being, the full picture of the conditions of the end-user i.e. a professional or amateur cyclist
cannot be recreated accurately.

e employing a professional cyclist: Professional cyclists are the gold standard of usability testing.
Not only are they qualified to provide precise feedback due to their high sensitivity to speed and
performance changes, they are also skilled at maintaining difficult poses on the bike repetitively
(as is typical of a time trial race, where riders compromise comfort for aerodynamic efficiency).
However, the cost of hiring a professional cyclist for testing is extremely high and can typically
only be done in the off-season period of the year.

e using a mannequin: A mannequin is sufficiently representative of the human shape, provides
high reliability for testing purposes, and is portable. Relying on the ability of the human to
accurately recreate poses over several iterations of testing may not be a viable approach.
Hence, mannequins are often used by manufacturers for testing cycling clothes, helmets, etc.
Mannequins are also used to extensively understand and visualize air flow around a cyclist in
environments where a human is not allowed, e.g. a laser particle image velocimetry (PIV) setup
[51-8]-
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A 3D-printed static mannequin of a well-known elite athlete [9] has been developed in recent years.
Such a mannequin is valuable for aerodynamic testing in a single pose. However, a stationary or static
mannequin does not accurately represent real-life cycling. Behavior of wind around a cyclist with static
legs is different from that around a cyclist with dynamic legs. This highlights the need for articulating
cycling mannequins.

Moreover, such a mannequin may not be available to other researchers or commercial entities due to
difficulty of access, exclusivity clauses (as the mannequin is modeled by a famous cyclist), high cost to
rent, etc. Therefore, an accessible mannequin is necessary.

In this contribution, we demonstrate the engineering and development of an articulating cycling
mannequin as a valuable aid in wind tunnel testing. The mannequin is 3D printed, making it low-cost.
Additionally, it would be designed as a ‘modular’ mannequin with articulating, easily removable and
replaceable parts to represent multiple poses, to enable easy transport, and assist in faster setup times
during wind tunnel testing.

2. Method
The flowchart in Figure 1 describes the main steps in the development of the mannequin.

Conversion Modulization Articulation Saddle
to CAD of Full Bod of Select Interface
Model y Joints Development

Scanning & 3D Printing of Final

Processing Full Body Assembly

Figure 1: Flowchart

2.1. 3D Scanning and Processing

We scanned a cyclist (elite cyclist, age = 27 years, body mass = 72 kg, body height = 1.73 m) in two
poses — time trial and regular on a time trial bike and a road bike, respectively. The time trial pose
(Figure 2) is an aerodynamic pose assumed by cyclists to optimize for speed. The regular pose (Figure
2) is where the cyclist has their hands in the dropped handlebars of the bicycle. The scans were
acquired using a hand-held structured light 3-D scanner (Artec Eva, Artec Luxembourg). The duration
of acquiring a scan of a cyclist is 3-4 minutes. Hence, the cyclist had to be stationary for the duration of
every scan. Three scans were conducted in each pose, and the scan with the highest quality was
chosen for development. The cyclist was wearing professional cycling clothes, shoes, and a swimming
cap (because fine hair is not registered by the scanner). The scan was acquired at a rate of 12 Hz.
Using the scanner software (Artec Studio 14, Artec, Luxemburg), the scans were refined, artefacts were
removed, and the resolution was set roughly 10,000 points in the point cloud model (.stl file type).
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Figure 2: (Left) Regular and (right) Time Trial pose.

Note: The model was scanned in Time Trial pose on a time trial bike. This 3D illustration is of the model mounted
on the same bicycle, for direct comparison of the modularity described in Section 2.2. The lower torso (in red)
remains constant between the time trial and regular mode. The arms and upper torso can be changed depending
on the desired pose.

2.2. Conversion to a solid 3-D model

The result from the previous step is a 3D file of the full body of the cyclist. Although this representation
is completely watertight i.e. without any holes or gaps in the surface, itis merely a surface representation
by a point cloud (Figure 3). To further make changes to this model, conversion to a solid or CAD
(Computer Aided Design) model is required.

Figure 3: (Left) example of a point cloud representation from the 3D scan.
(Middle and Right) Conversion to STEP file before and after

The body was segregated into subdivisions (Fusion360, Autodesk, Inc., USA), with each new part,
exported as a separate STEP file (Standard for the Exchange of Product, ISO 10303-21). The division
is described in the following section.

2.3. Modulization of Full Body

As we wanted the legs of the mannequin to be able to make a pedaling movement, the legs were cut
into three segments as shown in Figure 2. In addition, we wanted to add more functionalities to the
mannequin: easy to install, transport, and put clothes on. Having the possibility to remove the lower leg
section and the arms will facilitate easy removal and installation of cycling clothes and make the
transport volume smaller. Interfaces between these segments needed to be conceptualized.

The same type of interface was placed above the waist. The exact location was chosen so that the
hip/waist part can be kept in place while other upper bodies (time trail and regular poses in our case)
can interchangeably be installed.

By using a set of magnets in combination with positioning bolts, we created an interface (Figure 4) that

was strong in the pedaling direction yet easy to disassemble when tilting or twisting the leg, body, or
arms sideways. This sufficiently met the requirement of quick assembly/disassembly.

#11



Proceedings of 3DBODY.TECH 2020
11th Int. Conference and Exhibition on 3D Body Scanning and Processing Technologies, 17-18 Nov. 2020, Online/Virtual

Figure 4: The magnetic interface in the upper leg portion. A similar interface was introduced for the upper body.

2.4. Articulation of Select Joints

This mannequin must mimic the steady movement of pedaling legs through the 360° pedal stroke. The
joints were not designed as 3D joints as found in healthy human beings. Instead, the angles chosen
here were modeled to have degree of freedom in flexion only i.e. internal/external rotation or
adduction/abduction were not part of this mannequin’s joints’ range of motion.

Furthermore, unlike soft tissue, the 3D printed mannequin would be rigid. Hence, cutouts had to be
made to have no interference when the legs are moving. All 3 hinges (on one side of the body) have a
certain degree of freedom linked to the pedaling movement (Figure 5). The range of motion for the joints
of this mannequin are: 65° for the left and hip joints, 130° for knee joints and 80° for the ankle joints.

Figure 5: Range of motion for hip, knee and ankle are respectively 65°, 130° and 80°

These figures of range of motion were also used to determine the amount of volume around the joints
that had to be cut away in the interfering parts (Figure 6).

Figure 6: Figure showing degrees of freedom, and the cutout portion/clearance for left knee joint
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Since only the lower body is articulating, the hinges are located at the left and right ankle, knee, and
hip. The knee and ankle have a hinge construction made from two bearings mounted in cavities in the
lower leg, an axle, and a bolt/nut combination to keep the hinge together.

Figure 7: Knee and ankle joints. Very similar

The construction of the hip joint is different from the knee and ankle. A central steel tube was placed in
the lower body, protruding to the left and right side of the body. This way the upper legs — where
bearings are fitted — can be installed from each side. A bolt/washer combination is used to fix the upper
legs to the steel tube, where a nut is locked on the inside of the tube.

Figure 8: Hip joint construction (bottom view). The purple portions are the left and right legs.

A ‘slot’ was designed for the head to fit into the upper body. This slot was equipped with three metallic
panels, which would serve as the fastening base for the head, which was equipped with magnets
(similar to the magnets described for the saddle interface in Figure 9). Once again, the neck was
modeled to have only flexion angle. The three panels provide the head with three distinct angles —
looking down, looking at the road, and looking ahead. Such a feature is useful for helmet testing.
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2.5. Saddle Interface Development

It is well known that majority of the stability of a cyclist is due to the weight borne by the rear wheel, and
the saddle is the crucial point of contact to enable this weight-distribution. The mannequin is life-sized
i.e. 1:1 scale. However, in terms of mass, the mannequin weighs about 10-15% of actual body weight.
Hence, we needed to provide stability to the mannequin while it was seated on the bicycle by creating
a special interface.

Bolting the mannequin to a seat post of a bicycle would be time-consuming. Moreover, as the
mannequin will be wearing shorts, cutting holes in the fabric is not preferred. Hence, a magnetic
interface with a custom saddle was designed. Most cycling shorts are fitted with thick padding, and to
enable strong connection and stability, we mounted 8 round 20 mm neodymium magnets in the seat
area of the mannequin. The saddle itself was replaced with a 4 mm steel plate connected to a standard
saddle rail. This enables the mounting of this saddle on most commercially available seat posts.

Figure 9: Saddle interface. (Left) The drawing of 8 magnets on the seat are of the mannequin.
(Right) The saddle interface mounted on a standard bicycle seat post

2.6. 3D Printing of Full Body

After the concept and design phase, the files from the previous step were cleaned of any artefacts using
Meshlab (ISTI-CNR, ltaly) to remove inverted facets and small holes. Meshmixer (Autodesk Inc., USA)
was used to smooth scanning errors and transitions.

The individual body segments as shown in Figure 2 were too large to be printed as individual entities.
Hence, these segments had to be further divided and later fastened together using pins and glue. All
parts were analysed to find a method of dividing such that the parts could be printed with minimal
amount of support, efficient to align for re-assembly and to optimize fastening features.

All parts were printed on Prusa MK3S printers (Prusa Research a.s., Czech Republic) in PLA material
(polylactic acid). The settings are as follows: 0.2 mm layer heights, 2 perimeters (0.85 mm wall
thickness) and 15% infill. For locations that house bearings (joints), local modifiers were used to provide
a third perimeter for extra strength. The maximal printable size for these printers is 255 x 210 x 210 mm.
Parts that were split were equipped with dowel holes for pins to aid in holding the parts together during
assembly.

2.7. Final Assembly

Apart from the pins, super-glue was used to assemble the mannequin seamlessly. The outer surface
and any cracks were filled in with putty, after which all surfaces were filed using sandpaper for a smooth
outer surface. Black was chosen as the colour of choice for this mannequin as it is ideal for laser-based
PIV system.

3. Results

In total, around 9 kg of plastic was printed using 5 printers over a period of 5 days. Figure 10 shows the
final assembly of the full body. Figure 11 shows the right knee and ankle joints in the middle of a pedal
stroke i.e. not full extension.
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The mannequin works as envisioned: easily mountable on a bicycle, with complete range of motion in
the pedal stroke while staying seated in the saddle.

In traditional mannequins, the limbs are rigid and offer no easy possibilities to fit clothes. Owing to the
modularity, dressing the mannequin in cycling apparel was quicker by 10 times compared to a static
mannequin, because arms, upper body, and legs are detachable.

Figure 11: Knee and ankle joints side view

4. Discussion

The model will most likely fit on a limited range of frame sizes. Figures 10 and 11 show the mannequin
mounted on a 53 cm bicycle frame. The parts are (re)movable but they cannot be expanded or shrunk
to fit large or small bicycle frames. A ‘one size fits all’ design with retractable/stretchable limbs could be
envisioned as future research.

The researchers note that the mannequin is not crash-resistant. This is due to the material and the
thicknesses chosen during the printing process. We envision that during the usable life of such a
mannequin, there will be several instances of rough handling and wear and tear, to resist which, the
mannequin needs to be sturdier. However, the current material proves more than sufficient for a
demonstration of the concept of articulating a mannequin for cycling purposes.

Personalized mannequins could be a potential avenue to cyclists interested in a 3D printed version of
themselves. Using mathematical tools such as statistical shape modeling would make such a process
easy, circumventing the need for a state of the art 3D scanner [10][11][12].

The mannequin described in this contribution functions as envisioned in principle. To test the stability
of the mannequin, it needs to be positioned in a wind tunnel in high wind speed conditions (40-65 km/h)
in a range of yaw angles (i.e. crosswinds) with a motor attached to the rear wheel. In addition, the legs
could be locked in various positions in the pedal stroke (0°, 90°, 180° crank orientation) to test for
structural integrity of the articulating legs.
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5. Conclusion

Construction of the mannequin described is low cost, with the material cost being the biggest contributor
(under 9 kg for a body height of 173 cm). The modularization of the body makes it easy to handle,
transport and clothe the mannequin. In addition, multiple poses are represented due to this feature.
Tests in a wind tunnel would further establish the validity of this mannequin as a versatile equipment
testing tool (e.g. for helmets, apparel, shoes, etc.) for manufacturers, professional teams, and amateur
athletes in the cycling ecosystem. As mentioned in Introduction, a mannequin also serves as the ideal
surrogate for a human subject for an air-flow visualization exercise using laser techniques. An
articulating mannequin would provide new insights into understanding behaviour of air around dynamic
legs.
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