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ABSTRACT

This design project addresses the lack of comfort, personalization, and modularity in motorcycle
protective gear while maintaining high safety standards. Utilizing a non-linear Double Diamond design
process with integrated design sprints, it introduces Aeg-X; a novel fractal-based design inspired by the
Sierpinski pyramid, engineered for its unique balance of flexibility and impact absorption. The structure
is applied to create motorcycle body armor for the shoulder, morphing the fractal geometry into a
rounded form that tapers toward the edges to ensure an ergonomic fit and seamless integration with
existing gear. To enhance usability, a modular Velcro attachment system is incorporated, allowing users
to easily remove and attach the armor as needed.

The project evaluates the design’s structural properties through dynamic impact and flexibility testing
using six TPU samples with small structural adaptations, supported by feedback from an expert and
seven motorcycle drivers aged 18-28, to ensure alignment with real-world market demands.

The results demonstrate that the new fractal structure meets Level 1 CE safety standards for dynamic
impact absorption while maintaining lightweight and flexible features. The on-top modular placement
introduces unexpected benefits, offering enhanced personalization and modularity that appeals to a
broader range of users than initially envisioned. This success inspired the inclusion of a wide colour
range and services aimed at improving the usability of the customization and modular features.

Aeg-X contributes to the field by demonstrating its potential for modular, user-friendly safety gear. It
opens new opportunities for innovation in motorcycle armor and safety-critical industries such as sports
and military equipment. Future work focuses on exploring alternative materials, testing long-term
durability, and developing scalable manufacturing methods to address production challenges. This
project marks a meaningful step toward customizable, lightweight, and effective protective technologies.
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INTRODUCTION

Motorcycle gear typically consists of several essential items: a helmet, which is mandatory in most EU
countries, along with gloves, boots, and either a suit or a combination of a jacket and pants, collectively
referred to as "gear." This gear protects riders from weather conditions, as well as abrasions and
penetration injuries during a crash. A key component of this gear is the armor worn underneath the
suit, which consists of strategically placed padding on the back and joints designed to absorb crash
impact, playing a critical role in rider safety.

The motorcycle gear industry is valued at €13.53 billion globally, with an annual growth rate of 6.6%
(Motorbike Riding Gear Market Size Report, 2023). This growth reflects increased awareness of the
importance of safety gear and the rising number of motorcycle riders worldwide. However, despite the
expanding market, the motorcycle gear industry faces significant challenges in balancing safety,
aesthetics, and user needs. While protective gear is designed to meet stringent impact resistance
standards, it often compromises on comfort and ease of use. Current solutions rarely address the users
needs and ability to accommodate diverse body types, leaving many riders unable to find gear that fits
well or feels comfortable. This lack of attention to comfort creates a critical problem: many motorcyclists
choose to forgo wearing protective gear, citing discomfort during use, the inconvenience of carrying
bulky equipment, or the hassle of putting it on.

These challenges are particularly pronounced in the rapidly growing female motorcycle market. In 2009,
women represented just 10% of the market, but by 2018, this figure had doubled to 19% (Women
Motorcyclists: Driving Change on Two Wheels, n.d.). Despite this growth, the male-dominated industry
offers women only a fraction of the gear choices available to men, exacerbating issues related to
comfort and fitment for female riders.

The importance of motorcycle gear cannot be overstated, as motorcycle riders are 9 to 30 times more
likely to be killed in traffic compared to car occupants (Slootmans Freya, 2023). Addressing these
challenges requires innovative solutions that prioritize safety while improving user comfort and
accessibility.

This project focuses on the armor component of motorcycle gear, offering a 3D printed design that
retains high safety standards while increasing comfort through added mobility and a lighter weight.
Additionally, it introduces modularity, allowing users to adapt the gear to their needs, which addresses
the limited selection for female riders and responds to various other identified user needs. By
combining these elements, the design aims to provide a more user-friendly and adaptable solution to
protective motorcycle armor.

This report will discuss the concept and design methodology employed across three iterations, outlining
a design process that integrates research from multiple fields and extensive testing. It concludes with a
discussion of the findings and a summary of the project's contributions and implications.




CONCEPT

Aeg-X is an innovative motorcycle armor, aiming to combat the lack of comfort, personalization, and
modularity in motorcycle gear, while maintaining a CE-certified Level of impact absorption. To achieve
this, it uses both its unique custom structure and its positioning.

Aeg-X (Figure 1) is created using a TPU 3D-printed structure, based on the sierpinski pyramid, a fractal
type structure. The structure is lightweight and bends easily along the side the body moves in, while
being sturdier in the other direction to keep impact absorption as high as possible.

Figure 1, Photo of Aeg-X from various angles Figure 2, Various Aeg-X colorways

This armor boasts its own logo, comes in various colours (Figure 2) and can easily be worn on top of
your gear through a Velcro attachment, making them easy to switch out or take off. This gives riders the
option to easily replace armor after a crash, switch to other colours, and take the armor off for other
activities. Wearing the armor on the outside of the gear also increases mobility (figure 3).

The Armor can be bought in physical and online motorcycle gear stores as either a full body set (8
pieces for around 100 to 200 euros) or individually (for around 20 to 40 euros).

Aeg-X can be bought together with the accompanying gear, like a jacket or suit, from a partnering
motorcycle gear brand. These come with the necessary Velcro attachment applications and flat leather
Velcro patches to cover the exposed Velcro when no armor is attached.




PROCESS METHODOLOGY

To create Aeg-X, a non-linear Double Diamond design process with integrated design sprints was used
to cover three iterations (Figure 4). The design sprints are adapted to this project by changing the “Sketch”
step to a wider “Explore” version as sketching does not suit some of the explorations in this project. A more
in-depth visual on the integration of this process is seen in Figure 5, and throughout the document (Figure 6,
11,12, 20, 27, 34, 60, and 77). During the project, all activities were documented in a physical workbook
(Appendix 1) at the end of each week, simultaneously acting as a feedback session on the activities of that

week.

Iteration 2
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Design sprint

Figure 4, Design process visualization

This process is well-suited for the technical
nature of this project, which involves
combining multiple distinct components
into a cohesive final design. Its structured
framework, balancing exploration,
definition, development, and delivery,
provides the flexibility needed to address
the technical challenges of integrating
separate elements, such as structural
properties, Aesthetics, and usability
features. The non-linear approach, makes
for built-in feedback loops. Emphasizing
gathering and integrating insights
throughout the design stages.

The addition of design sprints enhances this by enabling rapid prototyping and testing, providing

opportunities to quickly validate and implement ideas.

This combination ensures that the final design balances its multidisciplinary nature to create one fully

coherent design.
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Figure 6, Visual of location in the design process 1

Drawing from the first-person perspective (FPP) of a female motorcycle rider, half a Value Proposition
Canvas (VPC) was created to understand user needs and challenges with motorcycle gear (Figure 7).
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Figure 7, Customer VPC filled in from a first person perspective

This analysis highlighted key pain points, which guided the exploration of three design directions: Coiling,
Auxetics, and On-Top Gear Placement.

1.2 Three design explorations:

Coiling

This concept explores a 3D printing technique inspired

by the work of (Amorim et al., 2019). The hypothesis being

that a coiled structure can offer interesting shock-absorbing
qualities. For this to work on 3D objects, the print plate needs to
rotate beneath the nozzle. A pre-build Stewart platform was used
(Figure 8), which was programmed to move

according to specific inputs based on existing code

(ThomasKNR, n.d.).

Figure 8, Steward platform set-up
(Stewart Platform — Aaed Musa, n.d.)



Auxetics

these are structures that harden/expand on impact (figure 9) with proven impact absorbing qualities
(Bohara et al., 2022). To explore this concept, research was conducted into auxetic structures, and their
implementations like shoe soles (Sun et al., 2024), vehicle bumpers (Y. Wang et al., 2017), or seismic
applications (Zhang et al., 2021). The research also highlighted the potential of hybrid auxetics, which offer a
better balance between flexibility and stiffness (Bohara et al., 2022).
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Conventional Auxetic
Figure 9, Auxetics expanding properties
(Cho Hyeonhoand Seo, 2019)

On-top

This concept tests whether placing armor on top of motorcycle gear can improve rider mobility. To explore,
two identical gloves were modified using egg cartons and hot glue simulating armor placement, one with
armor on the outside and one underneath (Figure 10). Gloves were chosen because hands have many
moving parts, making them ideal for evaluating mobility differences. Eight participants tested the gloves, and
all reported greater comfort and freedom of movement with the armor on top.

Figure 10, On-top placement evaluation through wear trials with gloves



Figure 11, Visual of location in the design process 2

1.3 Analyse explorations:

the outcomes of the initial explorations and prototypes were analyzed for feasibility, innovation, and alignment
with user needs.

The Coiling concept, while promising in theory, proved too technically complex, requiring advanced
programming, precise calculations, and resources beyond this project's scope, leading to its dismissal.

Auxetics with proven impact absorption properties, revealed significant challenges. The field is highly saturated,
making it difficult to bring meaningful innovation. Given the absence of auxetics in current motorcycle gear, it is
likely that manufacturers have explored and ruled out this approach, reducing its viability as a direction.

The On-Top Gear Placement concept delivered expected results of greater comfort and mobility with armor
placed externally. However, its standalone impact was minimal, requiring integration with a structure or material
to enhance comfort and mobility. Since the armor is visible, aesthetics also become a key factor to address.

With this on-top concept in mind, reflecting back on the initial VPC highlights a broader issue of personalization,
especially for female riders with limited gear options. Personalization, alongside comfort and mobility, now
becomes a central goal in designing the accompanying structure or material, to create a solution that is both
functional and emotionally resonant for riders, ensuring it stands out in the market.




ITERATION 2

Motorcycle armor is essential for rider safety.
Advances in material science, additive
manufacturing, and innovative design
methodologies now enable the development of
lightweight, durable, and customizable protective
gear. This section explores the current state of
motorcycle armor technology, the application of 3D
printing, and the potential of impact-absorbing
structures to improve both safety and aesthetics.

2.1 State of the Art:

Existing motorcycle armor:

Modern motorcycle armor combines various
materials and technologies to achieve protection,
durability, and flexibility. Traditional armor inserts
(Figure 13), used by brands like Dainese and
Alpinestars, integrate flexible, impact-absorbing
materials like D30O® (D30, n.d.) with rigid shells to
meet safety standards.

Most armor is mass-produced and intended for a
wide range of users, limiting customization for
fitment or aesthetic preferences. Armor is typically
placed in fixed areas underneath the garment, held
in place by a pocket in the fabric (Figure 14 and 15)
or fixed to a lightweight undergarment, typically
sewn on (Figure 16).

Figure 13, Traditional armor inserts (Martin, 2024)

Figure 14, Armor insert pockets Figure 15, Armor insert pocket Figure 16, Dainese under garment
hip(Highlights | SEESMART Hip back(Highlights | Prepared for (RHYOLITE SAFETY JACKET LITE, n.d.)
Protectors, n.d.) SEESOFT CE-Level 2 Back

Protector Insert, n.d.)
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3D printing has opened new possibilities in protective gear, enabling manufacturers to create custom-fit
solutions and integrate complex geometries for optimized impact absorption. Companies like HEXR and EOS
have applied these technologies in helmets and padding (Hexr — Curventa, n.d.; EOS, n.d.), enhancing safety
and user experience. Research by Tilley et al. (2024) shows that 3D-printed impact-absorbing structures can
reduce weight and cost compared to traditional materials. However, personalization and comfort remain
underdeveloped.

Innovations like modular climate-adaptive gear (Release, 2018) and comfortable airbag vests (International,
n.d.), are costly but show promise. However, current designs often sacrifice flexibility for impact resistance
and still rely on one-size-fits-all solutions that fail to address the diverse riders' needs, leaving room for
innovation.

Rules and Regulations:

In the European Union, motorcycle armor is governed by stringent safety standards set by the European
Committee for Standardization (European Standards - CEN-CENELEC, n.d.). These regulations establish
testing protocols, performance thresholds, and labeling requirements. Impact protection is classified into
two levels based on transmitted force during dynamic impact tests: Level 1 allows up to 35 kN, while Level 2
restricts it to below 20 kN. For back armor, these limits are 18 and 9 kN, respectively (Figure 17).
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Figure 17, Sketch of Level 1 and 2 standards

Testing simulates real-world crash conditions, measuring transmitted forces and evaluating armor
performance under various environmental conditions. Certified armor must display labels indicating
protection level, size, and type (Figure 18). However, these regulations focus solely on impact resistance and
abrasion performance, neglecting comfort, ventilation, and customization. This regulatory emphasis on
compliance over user experience limits innovation in non-safety areas, creating a gap in the market for
designs that combine safety with comfort and aesthetics.
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Impact-Absorbing Structures

Impact-absorbing structures efficiently dissipate energy during impacts, reducing the force transmitted to
the rider. Recent advancements include honeycomb structures, nature-inspired geometries, and gradient
designs.

Lattice and honeycomb geometries, often produced using 3D printing, are renowned for their lightweight
and robust properties. Studies by Bohara et al. (2022) and Mazaev et al. (2020) highlight auxetic lattices,
which expand perpendicular to applied forces, as particularly effective in energy dissipation. Honeycomb
structures, inspired by natural patterns, are widely used for their high strength-to-weight ratio and ability to
absorb energy across multiple points (Mohammadi et al., 2022). Meyers et al. (2008) also emphasize other
nature-inspired designs with similar impact-absorbing qualities, which Siddique et al. (2022) attributes to
mechanisms such as high strength-to-weight ratios, deformation modes that slow force transfer, and
hierarchical designs that reduce stress concentrations.

Fractals, self-replicating patterns found in nature, distribute stress across multiple scales, enabling
controlled deformation crucial for mitigating impact energy (Ha et al., 2024). These structures are
increasingly applied in fields like architecture (Upadhayay & Maru, 2021) and automotive safety (J. Wang et
al., 2018), with additive manufacturing enabling complex, multi-level geometries previously unattainable
(Viccica et al., 2022). Fractal structures such as the 3D Greek cross (Figure 19) and tree-like fractals (Figure 20)
demonstrate strong energy absorption capabilities (Viccica et al., 2022; Wu et al., 2021). While most tests
focus on quasi-static axial crushing, findings by Yulong et al. (2022) underscore the effectiveness of fractal
geometries in crash protection systems, suggesting significant potential for dynamic impact applications in
motorcycle armor.
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Figure 19, 3D Greek cross fractal through iteration 1to 3 (Viccica et al.,, 2022)

| AI'I-‘MI 0 D'rl-‘ﬁ-ﬁn \ / TFs-P0 These impact-absorbing structures not only enhance safety but
;]; also address comfort and aesthetic limitations in current designs.

| oL Rl By leveraging these advancements, motorcycle armor can meet

|&xnm:r= . safety standards while offering improved comfort.

|A o Despite advancements, current motorcycle armor often sacrifices

| = Hbsll  comfort and flexibility to meet safety standards. One-size-fits-all

| solutions limit customization, neglecting diverse rider needs such

as fitment and aesthetic preferences. This presents an

opportunity to integrate advanced impact-absorbing structures,
through 4 iterations (Wu et al., 2021) like fractals and nature-inspired designs, to enhance the user
experience. With 3D printing, manufacturers can create scalable,
personalized solutions that combine protection, comfort, and
visual appeal

Figure 20, 3 tree like fractal structures




2.2 Fractal research

Fractal geometries were chosen as the focus for the
accompanying structure in the on-top placement
concept due to their promising impact-mitigating
properties and unique aesthetics. Despite their
potential, the lack of dynamic impact testing on fractals
offered little guidance for selecting specific designs. To
address this, five distinct fractals, four 2D and one 3D,
were created to explore their printability, aesthetics,
and structural properties (Figure 22).

Understand Understand

Among the 2D fractals, one sample was extruded
vertically and another horizontally, enabling a basic
comparison of how extrusion orientation affects
structural performance and aesthetics. The Sierpinski
pyramid was the only successfully printed 3D design, as
other fractals' geometries exceeded the limits of FDM
printing. For the pyramid instead of an extrusion in
another direction, a structure was created by pasting
multiple pyramids next to each other.

Figure 12, Visual of location in the design process 4
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Figure 21, Fractals printed in in extrusions along both the horizontal and vertical axis
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The printed fractals were assessed on three key criteria (Figure 23):
e Printability
e Aesthetics
e Structural Properties

Sample Pressing Bending

Sierpinksi
pyramid

Sierpinski

Figure 23, Testing structural properties of various fractal samples

The key insight to take away from this assessment are:

e Most 2D fractals, exhibited internal shifting when subjected to pressing or bending forces. This
diminishes the ability to evenly distribute impact forces, particularly angular forces common in
motorcycle accidents.

e Many fractal designs were not feasible to print in 3D with the limitations of FDM printing. For 2D
structures, extruding them as the height component removes any structural properties for impact
absorption and extruding horizontally often results in flat, visually unappealing surfaces and reduced
ventilation.

e The Sierpinski-pyramid and -curve demonstrated promising results, not deforming under pressing
forces.

e The Sierpinski pyramid is printable in 3D and allows for the creation of structures that are flat on both
sides. However, it lacks aesthetic appeal with its flat surface and is not bendable.

The Sierpinski-pyramid offers most promise for impact absorption and printability, but further developing
must make the structure bendable and aesthetically pleasing while maintaining its mechanical properties.

14



2.3 User and Expert validation

To refine the Sierpinski structure, the focus shifted to validating the concept and structural requirements
through user feedback and expert consultation. A co-creation workshop was conducted with end-users to
gather insights on practical preferences and usability. Additionally, a Design Engineer from the motorcycle
gear company ReVit was interviewed to assess the design's feasibility.

The co-creation workshop involved seven motorcycle riders aged 18 to 28, all riding Naked or Sport bikes
and frequently wearing leather sport gear. The session included a workshop and group interview (Figure 24),
with the schedule and presentation details provided in Appendix 2.1.

o

Figure 24, Workshop photos

Key insight from the workshop were:
1.All participants reported comfort-related issues, including weight, poor fitment, restricted circulation,
overheating, and outgrowing their gear.
2.Many participants (would) reuse their armor after a crash due to high price tags or the effort required
to replace them.
3.While participants claim protection is their top priority, their gear choices and workshop designs show
prioritized comfort and aesthetics instead (Cognitive Dissonance).
4.Riders prefer modular functionality for different types of use like normal wear and road VS track riding,
over aesthetic customization. The need for aesthetic options is hypothesized to be higher among women
due to fewer design and colour choices.
5.Aesthetics play a significant role in whether participants would buy the concept, though preferences
varied widely among individuals. While participants expressed no strong desire for aesthetic
personalization, this might stem from unarticulated needs, which are customer desires that they may
not even be aware of themselves. Providing personalization could address diverse aesthetic preferences
and enhance the product’'s appeal.
Full workshop results and the consent for can be found in Appendix 2.2 and 2.3
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To complement the insights from the workshop, an interview was conducted with Davide Amorim, a
Design Engineer and Innovator at ReV'it, one of the world's leading motorcycle gear companies (Learn
about the History of REV'IT! | Driving Innovation Forward. - REV'IT! Sport International, n.d.). The interview
provided professional insights into both practical and theoretical aspects of the concept.

FDM 3D printing of lattice structures performs best when walls (lines) are printed like extrusions along
the height instead of studs (dots) (Figure 25), like the 3D Hilbert curve (Figure 26). Printing the
Sierpinski structure at an angle is recommended to optimize print quality as this prints less
overhangs and studs.

Large companies face many restrictions in producing gear that prioritizes comfort and aesthetics due
to harsh safety regulations. Placement on top of garments could conflict with abrasion resistance
standards.

In theory, fractals have potential for impact absorption, however experience suggests that
performance in actual testing may not always align with theoretical expectations. Testing is essential
to validate the concept, and ReV'it offers the facilities to conduct such evaluations.
The base material currently often plays a larger role in impact performance than the structure.
"You can make something very safe, but if people don't wear it, it doesn’t matter." Aesthetics are a
crucial factor in encouraging riders to adopt and consistently use protective gear.
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Figure 25, Sketch FDM printing studs vs walls

The Sierpinski structure will be refined to
enhance comfort and aesthetics.
Customization options will be expanded to
accommodate different use cases, such as
riding versus everyday wear, alongside

, . . aesthetic variations. To improve structural
Figure 26, 3D Hilbert curve across 2 and 3 generations . . .
(Borrell et al, 2018) performance and print quality, printing

angles will be adjusted to minimize studs
and overhangs. Real-world testing will be
conducted at ReV'it's facilities to ensure the

designs meet practical performance
standards.




2.4 Custom structure —

The material used for the structure is TPU 95A,
widely recognized for its flexibility and strength.
Three brands of TPU 95A were tested using a
fractal printed with the same temperature
(220°C) and print speed (40 mm/s) (Figure 28),
with Overture emerging as the best option
based on print quality and material properties.

Only the outline of the Sierpinski pyramid was
used, instead of a solid version. This approach
reduces weight and enhances flexibility, i z
ventilation, and aesthetic appeal (Figure 29). Figure 27, Visual of location in the design process 5

Tinmorry —

Overture — SRS

Polyflex -

Figure 28, Properties comparison of 3 TPU-95A filament brands using same structure, temperature, and speed

A

Outline Solid

Figure 29, comparison sketch outline vs Solid sierpinski pyramid design
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To refine the structure, a sheet-like configuration was
created by repeating the Sierpinski pyramid side by
side (Figure 30a). Upside-down pyramids were added
to the sheet (Figure 30b) to form a flat surface on both
sides. To enhance bendability along the x-axis, the
upside-down pyramids were aligned with the bottom
row along this direction (Figure 30c), a modification
theorized to improve flexibility. The resulting structure
features a geometric grid of small squares with crosses
inside on both sides (Figure 30d).

Six iterations were developed using Rhino 8,
Grasshopper, and Blender to create a 3D model of this
base structure. Details of all iterations are in Appendix
1. The final design combines 3D modeling with
Grasshopper, incorporating Python scripting (Figure
31).

The Grasshopper code begins by creating a Sierpinski
pyramid using Python to generate a solid version. This
output is baked and joined, and its borders are
extracted to form an outline version. The outline is
flipped upside down and paired with the original, then
repeated along the x and y axes using a loop function.
The lines are given thickness to produce a SubD output
(Figure 32).
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Figure 30, Structural explanation sketch

Figure 32, Structural explanation sketch

Figure 31, Grashopper code sierpinski structure sheet.
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2.5 Structural adaptations

To explore variations and test performance differences, five adaptations of the custom lattice ——
structure were developed, varying in line thickness, top and bottom surfaces, pyramid size, and

structural modifications (Table 1). These variations were easily adjusted using sliders in the

Grasshopper code (Figure 31). The original structure (Sample 5) features a line thickness radius of

0.55 mm and pyramids sized at 15x15x14 mm, with a total height of 14 mm.

Sample 1 Sample 2 Sample 3
z-iuil . . .

- PePe TP

Sample size 014 mm 9010 mm 014 mm 014 mm TOxT0m14 mm TO7 014 mm

pyramid size 15x15x14 mm 10x10x10 mm 15x15x14 mm 15x15x14 mm 15x15x14 mm 15x15x14 mm

line thickness [radius] 0.55 mm 0.35 mm 0.45 mm 0.55 mm 0.55 mm 0.55 mm

Tep/bottern surface solid Squared squared lines squared lines
matarial TPU 934 TP 934 TPU 934 TP 934 TP 934 TPLU 934
Weight 38g 255 25q 31 17 g 17g

Table 1, All structure sample properties

Sample Variations:

e Sample 1: The structure includes solid surfaces of 0.7
mm thickness on the top and bottom, hypothesized to
improve aerodynamics and impact absorption while
appealing to users seeking simpler aesthetics.

Sample 2: Line thickness is reduced to 0.35 mm, and
pyramid dimensions are adjusted to 10x10x10 mm. This
sample creates a thinner sheet while maintaining impact
absorption through a denser arrangement of smaller
pyramids.

Sample 3: The original pyramid dimensions, line

o - ‘,: thickness is decreased to 0.45 mm, assessing the impact
m R of thinner lines on flexibility and performance.
/_’Wﬁ R Samples 4 and 6: Lines along the X-axis on one surface
o (:Eﬂgl were removed to enhance bendability along this axis
Soniel (Figure 33) while minimizing any compromise to impact

absorption.

Figure 33, Hypothesis sketch structural adaptation
incleased flexibility in sample 4 and 6.




These samples are designed to explore how . :
modifications to the lattice geometry affect impact 7l
absorption and flexibility. Real-world testing will assess heaton3
their suitability for motorcycle armor applications ; : :
using two primary criteria: dynamic impact absorption
and flexibility.

To establish a benchmark, the performance of these
samples will be compared to another structure made
from the same material. Additionally, impact
absorption will be evaluated at various x-axis locations
to determine whether the uneven distribution of
pyramids causes inconsistencies in performance.

Figure 34, Visual of location in the deéign prdcess 6
2.5 Structural testing

2.5.1 Three-point bend test

Flexibility was evaluated using a three-point bend test. Each sample was placed on two supports 40 mm apart (L)
(Figure 35), and a downward force of 100 N was applied at the midpoint (%:L) using a custom 3D-printed PLA rod
(Figures 35-37). The rod, designed in Rhino 8, measured 90 mm in width, with a rounded top (10 mm diameter)
and two 65-mme-apart holes for attachment to the base (Figure 38). Flexibility was measured as the deformation
distance (d) in mm under the 100 N load (Figure 35).

Each sample underwent four tests: two along the X-axis and two along the Y-axis. For Sample 6, additional

tests were performed along the X-axis, with two tests conducted with removed rows on the top and two with
removed rows on the bottom

To see the test in action klick here or go to Appendix 4.1.

Figure 35, 3D shematic sketch of 3 points bend-test layout
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Figure 38, 3D printed force applying rod,
Figure 37, Rhino 8 2D layout schematic of force applying rod used in3 screwed on to base
points bend test. 20


https://youtu.be/wfahj7MYK5g

Results:

The raw test data, including time (s), load (N), and deformation (mm), was imported into Excel for analysis
(Figure 39). Extension columns were grouped by sample and axis direction (Figure 40), and the deformation
at a load of 100 N was extracted using the formula =MAX(column cells) (Figure 41).

: 3 Sample 3 extentions Sample 1 extensions

Time(s) Load(N) Extension({mm) 8. B B - i He B . -
0,9234 0,01341 0,83041 0,88004 0,78898 0,34368 0,65087 081002 03034 088265 0,76412
1,026 0,18349 1,001 09458 084475 040317 069841 085187 095284 092949 0,80582
N 0.45495 723 1,012 090054 046263 0,74594 0,843 099667 097562 0,84763
1,129 4 11 1,0783 095675 0,52262 0,79385 093685 10407  1,0221 088945
1,231 1,7753 1,3432 1,1441  1,0123 0,58235 0,84137 097883  1,0847 1,069 0,93072
1,2104  1,0683  0,6419 0,88893 1,0205 11279 1,1155 0,97245
1,334 4,0828 1,514 1,2762 1,1247 0,70184 0,93682 1,0632 1,172 11613  1,0142
1,436 53,6536 1,6849 1,3423  1,1805 0,76161 0,98462 1,1058 1,216 12082 1,0559
1,538 5,9059 1,B558 1,4084 1,2364 0.82158  1,0323 1,148 1,259  1,2551 1,087
14741  1,7923 0,88159  1,0797 1,1802 13031  1,3013  1,1389
1,642 6,2572 2,0269 1,5403  1,3482 094116  1,1277 1,2324 13471 13475 1,1807
1,744 8,0906 2,1979 1,6065 1,4042 1,001  1,1754 12746 13912 1,394 1,2295
1,6726 1,46  1,0611 11,2229 1,3168 1435 14406 11,2637
1,847 10,981 2,369 17386 15158  1,1206  1,2704 1,3591 14785 14872 1,305
1,849 13,872 2,54 1,6047 15717 11806 1,3181 14013 1,5224 15339  1,3467
2052 16,492 2 711 1,8707 1,6277 1,2403 1,3857 1,4435 1,5663 1,5805 1,3885
' ' ' 1,9388  1,6837 1,3 14133 14857 16100 16271  1,4302
2,155 18,848 2,882 2,0029 17397  1,3601 1,461 1,5279 16539 16736 1,471
2,257 21,203 3,053 2,0689 1,7957 14201  1,5087 1,5701 16877 17201 15135
296 23 928 3994 2,135  1,8517 148 1,5564 16124 17415 17666  1,5552

Figure 39, Raw bend test data from Figure 40, extension data divided by sample and

test 30 loaded into excel. axis, here sample 5 and 1.
Max Max Max Max Max Max Max Max
57021 47618 51304  3,9408 39467 3,5382 3.9984  3,5523

Figure 41, Max row at bottom of each column in
divided data, (sample 5 and 1).

To compare the axes and samples, the average maximum deformation for the X-axis and Y-axis of each
sample was calculated and visualized in a bar chart (Figures 42 and 43).

- - |
Sample 1 3,74245 3,77535
Sample 2 8,3444 9,00995
Sample 3 16,383 17,0645
Sample 4 6,32625 4,86315
Sample 5 5,23195 4,5356
Sample & 8,4683 4,92945 a

Figure 42, Bar chart comparing flexibility
among samples and axes.

The bar chart reveals that Samples 1, 2, and 3

exhibit consistent flexibility across both axes,

while Samples 4 to 6 show increased flexibility MAX. FLEXIBILITY PER AXIS PER SAMPLS, WITH 100
along the X-axis. Additionally, Samples 1to3 NEWTON 3POINTS BEND-TEST
demonstrate significantly different flexibility

levels compared to Samples 4 to 6. These F

findings suggest that X-axis structural are :
effective but only if the starting structure (y-axis
structure) is not too stiff or flexible.

Further analysis (Figure 44) compares the Y-axis
flexibility of Samples 4 to 6, the X-axis adaptation - I = -

in Sample 5, and the X-axis adaptation with I ' I

removed horizontal rows in Samples 4 and 6.

Since these samples share the same line Samplel  Sample2  Sawple3  Sampled  Sampled  Sample@
thickness and pyramid sizing, they allow for m X max(mm) ™Y max(mm)

direct comparison. The graph indicates that the
X-axis structure with removed rows offers Figure 43, Bar chart comparing flexibility among samples and axes.

AM)

TY (M

=
v
=

superior flexibility compared to the Y-axis
structure.




FLEXIBILITY COMPARISON OF 3 STRUCTURAL
ADAPTATIONS WITH 100N 3 POINTS BEND-TEST

x-axis adaptations + horizontal lines ] 8,3444 For Sample 6's X-axis flexibility, the
average deformation was 7.93 mm
with removed rows on top and 9.00

x-axis adaptation mm with removed rows on the
bottom.
This suggests that removing lines
No changes (y-axis) from the outer side relative to the
flexing direction enhances flexibility.
) 1 2 4 ; : 8 9
EXTENSIOM (MiM)

Figure 44, Horizontal bar chart comparing the 3 structural adaptations in
sample 4 to 6

2.5.2 Dynamic impact test

Dynamic impact absorption was assessed at ReViit's testing facilities using the Energy Transmission Test, a
machine used for CE certification of motorcycle armor (Figure 45a). This test measures the force transmitted
through armor on the body during an impact. Structural samples were placed on a rounded anvil (Figure
45b), and a 5 kg flat weight (Figure 45c) was dropped from a height of approximately 100 cm, simulating an
impact energy of at least 50 joules.

To see the test in action klick here or go to Appendix 5.1.

Figure 45, Energy transmission testing machine at Rev’it from various angles with sample 1
placed inside
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https://youtu.be/es2bZ3tRkeg

Sample 6 was not tested as it shares the same structure as Sample 4, while Sample
3 was excluded due to being too soft, risking damage to the machine. Sample 1 and
Sample 4 underwent two impacts each, while Sample 5 and Sample 6 included only
one impact each Sample 5 due to its size and Sample 6 due to a permanent dent
caused by its first impact (Figure 46).

Figure “Permanent
impact dent in sample 2

| Sample 2 ‘

Sample 5 |

Sample 1 |

‘ Sample 4 |

Figure 47, Impact locations on all teste samples of Energy transmission
tests including their test numbers.

Results:
Impact locations on the structures are
marked in Figure 47. The raw data output

d
"]
i

TEST INFO Date/Time : 12472024 1556 from the machine is shown in Figure 48’
Temperature : 21.7 1 40% RH Operator : DAM . . .
P ? with the full datasheet available in
Appendix 5.2.
SAMPLE IDENTIFICATION Manufacturer : 3D printing X . .
Shock abs. mat.:  TPU This data includes a line graph of force (N)
SEanCard: ENIE2121:2012 Density ; transmitted by each sample over time (ms)
Min Speed [mis]: 0.0 Size : . . .
Max Peak [N]: Mass : and additional details such as maximum
Min Energy [J]: Job No. : force (N), sample name, drop height (cm),
_ ) applied energy (J), and testing conditions
File Ext, Modal Sa. | Cond.| Height | Size | Impact Anvil Speed Peak Energy 4
N# | [em] I Paint Shape | [mis] | [N] [loules] (amblent)'
Inpact tisst | 004 Samphe 4 4 . J'urh. 108  Flal B0 x lRﬂd.:..&.‘.’.’!. 4.40 24028 484
SHOCK TEST RESULTS
I, R—
39000
35000
30000
25000
20000
15000
10000 !
5000
/": '~
o|——= e
-3000
0 5 10 15 20 25 [ms]

Figure 48, Raw data Energy transmission test, impact 4 on sample 4.
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The raw data was grouped and overlapped in Adobe lllustrator, with each sample assigned a distinct
color, accommodating various types of color blindness (Figure 49). The graphs for Sample 4 and Sample 1
show consistent impact-absorbing qualities. Comparing this with the impact locations on Sample 4
(Figures 49 and 50), it is evident that X-axis impact location does not affect absorption, as both impacts

yielded similar results.

Comparison force 3 and 4 on body for Sample 4 in Newion per Milisecond

| ® Impact3
_ Impact 4

I I I I A

g

8

g .

0 [1 i 15 2 25 [ms)

Impact force on Sample 5 in Newton per Milisecond

| Impact5

i 18 11

-

o

-390+
o g

L] 15 F -

Comparnison force 1 and 2 on body for Sample 1 in Newton per Milisecond

'm Impact 1
| Impact 2

i 8 8 8 8=

g

NEVAN

L] 5

10 % 25]ms]

Ferce on body for Sample 2 in Newton per Milisscond

2 I A

-

5 mw 5 [ma]

Figure 49, Coloured graphs of dynamic impact testing, grouped by Sample type
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Figure 50, X-axis sketch of impact locations
sample &4

To compare samples, all graphs were combined into
one chart (Figure 51). This shows that Sample 2 is
unsuitable for impact protection, while Samples 1, 4,
and 5 achieve Level 1 CE certification. Notably,
Sample 4 (with horizontal rows removed) shows
minimal difference in performance compared to

Sample 5, indicating that removing these rows has
little to no impact on the structure's ability to absorb
impacts.

Comparison force on body in all the personal samples in Nims

W00

35000 1
W Sample 1
. Sample 2

30000 B Sample 4

f Sample 5

5000 f T

20000

15000

10000

5000

q _
3000
5 10 15 [ma]

Figure 51, graph impact testing of all personal
samples
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2.5.3 Result comparison

A comparison of the impact absorption and three-point bend test results for Samples 1, 4, and 5 reveals key
insights. While Sample 1 achieves the best impact absorption, its lack of flexibility makes it unsuitable for
motorcycle armor. Samples 4 and 5 show similar impact absorption, but Sample 4 offers superior flexibility,
demonstrating that removing the bottom X-axis rows improves flexibility without compromising impact
absorption. Based on these results, Sample 4 is selected as the most suitable structure.

2.5.4 Benchmarking

Sample 4 was compared to two existing ReV'it motorcycle armor types: a Level 1 protector (Figure 52) and a
Level 2 protector (Figure 53) using the same impact testing setup.

Sample 4 matches the impact absorption of ReV'it's Level 1 protector (Figure 54) but is more flexible and
significantly lighter at 31 grams compared to the Level 1 protector's 129 grams and the Level 2 protector’s
159 grams. ReV'it's Level 2 protector, however, demonstrates superior impact absorption. While Sample 4
will increase to 76 grams when morphed to armor form, it still remains lighter than both protectors. ReV'it's
Level 1 protector is thinner, but Sample 4 provides a better balance of flexibility, weight, and impact
absorption.

IN] Comparison force on body for 5ample 4 V5 Revit samples in N/ms
39000
35000 B Revit Level 2
I Revit Level 1
30000 [ [ ' M Sample 4

25000
20000
15000

10000

Figure 52, Revit Level 1 A
shoulder protector

4]

- -3000
- 0 5 10 15 0 25 [ms]

APPTTLENN
M

Figure 54, Dynamic impact comparison between Revit level 1 and 2
armor and Sample 4

To further investigate impact absorption and flexibility, Sample 1
was compared to a custom grid structure created in OpenScad
(Figure 55). Sample 1 was selected for this comparison for its flat
surfaces, which are easily replicable in other structures. OpenScad
was chosen for its ability to precisely adapt dimensions, top and
bottom thickness, line thickness, and weight (grid spacing) to match
Sample 1. By using variables in its C++-code, structural parameters
Figure 53, Revit Level 2 can be adjusted independently without affecting other components.
shoulder protector Both samples’ weights were compared and printed at a 30-degree
angle using Ultimaker Cura 5.9 (UltiMaker Cura 5.9 - UltiMaker, n.d.).
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PPHAeAaO e Oer g8 -4

Igibﬁre 55, OpenSéad code used to create comparison structure

Both samples were tested under a No force applied Force applied
hydraulic press together, to ensure equal p YR &“
force was applied across their entire area. 3 e

The grid structure compressed from 14
mm to 10 mm, while Sample 1 maintained
its original 14 mm height. Switching the
samples' positions confirmed Sample 1's
superior structural integrity under
pressure.

Figure 56, Sample 1 and grid structure under a hydraulic press

FLEXIBILITY OF X AND Y-AXIS IN SAMPLE 1, 4, AND
GRID, WITH 100N 3-POINT BEND TEST

Flexibility comparisons of Sample 1, 4, and the grid
£ 10 structure (Figure 57) shows that the Sierpinski
structure does not show superior flexibility based
on numerical data. However, visual analysis (Figure
58) reveals the grid sample crumples at the force
. ' application point, failing to bend uniformly like the

Sierpinski structure. This crumpling compromises
even force distribution and skews flexibility data. In

ATION

X. DEFORM

Sample 1 Sample 4
T P contrast, the Sierpinski structure's even bending
Figure 57, 3-point bend test bar graph comparing sample 1, ensures predictable and reliable performance,
4 and the grid sample making it more suitable for motorcycle armor.

._ n 1 il 3 _— \\ ' -
N\ J
even flex among Crumple only on

whole axis impact area

Figure 58, Visual comparison Sample 4 and grid Sample in 3-
point bend test.
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ITERATION 3

After selecting the optimal structure, the focus shifted

to its implementation in motorcycle armor,

emphasizing fitment, aesthetics, and user

interactions. st

3.1 Form Creation '
An existing piece of shoulder armor was analyzed and
measured (Figure 61) to guide the development of a
new form. Using Rhino 8's SubD modeling tools, a
shoulder armor form was created by modeling half
the surface and mirroring it. The design featured
uneven thickness, measuring 14 mm at the center
and tapering toward the edges. A PLA prototype was
3D-printed to assess real-life fitment, which confirmed

a good fit (Figure 62).

Figure 60, Visual of location in the design
process 7

15 mm thickness
‘...J

Figure 61, Armor measurements taken from an icon D30® T5 Evo Pro
shoulder protector (lcon D30® T5 Evo Pro Schouderbeschermers -
Beste Prijzen FC-Moto, n.d.).

Figure 62, Printed shoulder armor form PLA + fitment test
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3.2 Morphing the Structure

To create the intended armor, the Sample 4 structure was integrated with the armor form.
Multiple iterations were explored (Appendix 1) to achieve the desired result. Which is created
using various steps with rhino 8, grasshopper and blender (Figure 63).

The inner surface of the armor form The surfaces area is determined by A Bounding Box is created around
is extracted, and made into a NURBs using a grasshopper unroll surface the unrolled surface.
surface. function.

A sierpinski structure the size of
this bounding box is created using
the original grasshopper code from

Iteration 2.

In Blender the edges are decimated, The resulting structure is imported Here it gets a 3 mm thick solid border, It is then scale down along the z-axis
bringing the structure from 58 million back to Rhino 8. the resulting mesh is scaled along the x towards the edges.
back to 1.2 million faces. This sheet is cut and y plane to fit the bounding box area.
5 1o the unrolled surface area. 5 ;

Using a surface morph function in grasshopper, the mesh is morphed around the
outside of the NURBs surface.

Figure 63, visualization of the steps taken for structural morphing.

The final morphed design is 3D-printed at the
same 30-degree angle as the samples (Figure
64).

Following printing, the vertical rows on the
inner layer are removed based on the 3-point
bend test results (Figure 65).

Figure 64, Printed armor on 30 degree angle Figure 65, Inside of armor after vertical rows are removed 29



3.3 Brand identity

Brand identity is a vital element in motorcycle apparel, where aesthetics play a key role (Amorim,
expert interview). The armor’s brand identity includes a logo, name, and colorway that reflect its
mathematical origins and protective qualities.

The chosen name, Aeg-X, combines "Aegis" (Greek for "shield" or "protection") with "-X," symbolizing
the armor’'s mathematical design and its reference to operators and variables.

Logo development (Figure 66) drew inspiration from the Sierpinski structure, exploring geometric
shapes, including insect-like forms found within the structure. The final selection came down to a fox
and a bat-like form derived from the geometry of the Sierpinski pyramid. Both have strong geometric
qualities that align with the brand'’s identity, but the Bat was chosen for its better aesthetic.

Figure 66, Logo design brainstorm sketches.

The brand's primary colors are orange and dark grey. Orange

symbolizes, commonly seen in traffic cones and safety vests, while

also offering a bold, striking aesthetic highlighting its aesthetic <b
impact. Dark grey complements the orange, ensuring a balanced

and professional appearance.

Various logo color variations were explored (Figure 67), with the

final design featuring an orange-highlighted pyramid (Figure 68).

This emphasizes the pyramid's central role in the structure while

maintaining a clean, simplistic look.

NEr . :
m E (| Figure 67, Logo colorway exploration

Figure 68, Final logo design, including the Name



The logo is added to the armor in Rhino 8 by placing a mesh of the logo with slightly extruded edges
onto the pre-morphed structure (Figure 69). The surface morph is reapplied to integrate the logo into

the design, resulting in a slightly extruded logo printed at the center of the armor’s surface (Figures 70
to 72).

=

FAARA AR ARARTAR AR AR AR
e e e s e L Y
PSSO 0000 DOODDOn!
SO0 D000D N0 U DN BHWAD T
TSRS ARARARAN AL AR RERAEY
4 Lok it 2o 2 T e T R N L

(Pl
FooDE
O AT

%

ago
@

LR A
o W !‘.h\‘é".\féei“;"
5

Fdi
SLONLATA A

Figure 70, perspective view morphed armor
with logo render

Figure 69, Logo added to top surface

pre-morphed structure

Figure 72, Top view 3 colours armor
printed with Logo

Figure 71, Printed black armor, with 3.4 Attachment system
include Logo (front and back) The attachment system for the armor prioritizes ease of use

and secure modularity, a key criterion identified during the
workshop.

Velcro was selected as the primary method for attaching the
armor to the exterior of motorcycle gear (Figure 73). Its
effectiveness is well-established in similar applications, such
as knee and elbow sliders in motorcycle racing, where Velcro
securely holds components in place even during ground
contact (Figure 74) (Gilbert Michael, 2019; DemoneRosso,

2021).

Figure 73, Velcro attached to bottom of armor.
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Michael, 2019)

While Velcro is highly secure and easy to remove,
making it ideal for modularity, workshop
participants expressed concerns about its
perceived lack of safety (Appendix 2.3). To
address this, a slot attachment system was
explored (Figure 75), where the armor is inserted
into a dedicated slot from the inside, remaining
visible on the outside. However, this system
requires removing the jacket, suit, or pants to
switch pieces, as the pieces need to be accessed
from the inside, limiting ease of use and
modularity compared to Velcro.

Figure 74, various knee sliders with Velcro attachments. (Gilbert

For users preferring traditional placement, the armor can be
worn underneath a motorcycle jacket by purchasing a smaller
size for proper fit. Velcro can be attached to the armor in two
ways: sewn onto the structure using gaps in the lattice or
directly integrated during 3D printing by printing onto Velcro
fabric (Figure 76), as demonstrated in similar projects
(Eutionnat-Diffo et al., 2020; Gorlachova & Mabhltig, 2021;
Kocevar, 2023; Singh et al., 2021).

To enhance modularity, fabric pieces with Velcro bottoms can
be included with jackets or suits. These pieces cover the
exposed Velcro when the armor is removed, maintaining a
polished appearance for regular use.

Outside Lew ( ro55 Secion

Figure 75, Sketch slot attachment system explained.

¥

Figure 76, 3D printed design on wove fabric i
project by Geetech (2018)
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3.5 Real world Alignment:

To gather feedback on Aeg-X, two motorcycle
drivers participated in a wear trial and interview
(Appendix 7). Their responses informed the
creation of a user persona, Thomas, and a
corresponding user journey map (Figure 78). A
second persona, Amber, was based on the
designer's first-person perspective, with its own
user journey map (Figure 79).

These maps outline five elements: stages,
customer actions, thoughts, feelings, and
opportunities. Insights emphasize the importance
of marketing in communicating Aeg-X's versatility, T

highlighting features like comfort, customization,

and modularity. Wheres the product itself excels at ;
showcasing its aethetic. Figure 77, Visual of location in the design process 7
The maps also identify areas for improvement, such

as achieving Level 2 safety standards and offering widened customization options to minimize

the aesthetic impact of on-top armor. Overall, the user journey maps demonstrate how Aeg-X's
modular and customizable design meets diverse user needs, including comfort, affordability,
multifunctionality, and aesthetic variety.

Understand
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. reses

Concideration Decision Loyalty/use

Comparin Comparin Usi
i e . o . o Chosing Items First Wear S Reordering
brand (stats) interactions modularity
2 ) nline

Actions

Thoughts

ME

My motorcycle is my enly way STUDENT

of transportation, which is why | often go for
multifunctienal gear. This also helps me
sove money os o student For small
distances or in the heat. | only wear my
helmet and gloves, since it is not functional
to carry my full sult with me everywhere |

Emotion

go.
I hope there is a way to make gear more
functional so i can ride safely with gear, all
the time.

| den't really care for wild aesthetics, | just
like & classic black leather suit.

I never had issues with comfort ence it's on,
but putting it on and taking off takes
forever.

Opportunity

Loyalty/use

Comparin
s d First Wear Customizing
brand (stats)
o ying 5 ik 2
E ed

mor smor and artaching | € tigin

[0
]
i
2
2
=
=

ABOUT ME AGE: 25

I like o suit that fits me great,  NURSE
but i will not compromise my safety for
added comfort, which is why | have
always chose to wear leather racing
suits.

Emotion

| think the limited aesthetic options for
women ore boring with everyone
wearing black, making me jealous of all
the options men have, both cesthetically
and fit wise.

1 only ride for fun, not as a daily driver, so i
dont see mysell needing much
medularity in @ suit, but it is always o
bonus.

Opportunity

Figure 79, Persona and user journey map for Amber.



As the final step in the design process, a Business Model Canvas (BMC) was developed to
evaluate Aeg-X's market potential (Figure 80). This analysis built on insights from user
feedback and journey maps, offering a clearer understanding of the product's value, target
audience, and supporting strategies.

BUSINESS MODEL CANVAS
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Figure 80, BSM for Aeg-X
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A key insight was the role of rider-to-rider visibility as a natural marketing tool. Aeg-X's
striking design attracts attention on the road, sparking curiosity and conversation within the
motorcycle community, reducing reliance on traditional marketing strategies.

The BMC also highlighted Aeg-X's_diverse customer segments, including sport and naked bike
riders, female motorcyclists, urban commuters, and budget- or style-conscious riders. This
diversity underscores its broad appeal and ability to address varied user needs.

Additionally, key partnerships beyond suppliers and distributors were identified as essential
for strengthening community ties, increasing visibility, and fostering innovation.

In summary, the BMC expanded on earlier findings, offering a framework to assess Aeg-X's
market potential and identify pathways for future growth.

34



— DISCUSSION

The goal of this project was to address the lack of comfort, personalization, and modularity in motorcycle
gear while maintaining high safety standards. This was achieved through the development of a custom
Sierpinski fractal-based structural design, assessed on dynamic impact and flexibility, with validation from
user and expert feedback. The results demonstrate that the structure effectively balances flexibility and
impact absorption while highlighting market demand for modular and functional safety gear.

A key feature of the design is the Velcro-based modular attachment system, which proved practical and
reliable. It supports personalization and modularity by enabling easy adjustments without compromising
safety, addressing its initial concerns about its. The seamlessintegration of this attachment mechanism
reinforces the adaptability of the overall design.showcasing its potential to enhance user experience.
Future research could explore alternative attachment methods, such as sewing Velcro into the structure or
integrating it during 3D printing, to assess their scalability and effectiveness.

The Velcro attachment complements the Sierpinski fractal structure, whose testing results confirm its
ability to provide effective impact absorption and flexibility in motorcycle armor. Dynamic impact testing
showed that the structure meets Level 1 CE safety standards, demonstrating its potential for real-world
use. And proving that lightweight and modular designs can offers safety without sacrificing comfort,
underscoring the value of combining user-driven insights with innovative structural approaches.Offering a
promising directionfor future gear innovations.

Beyond meeting practical requirements, this project expands the application of fractals from quasi-static to
dynamic impact scenarios using a new structure. This innovation opens new opportunities for safety-
focused industries by demonstrating the untapped potential of fractal-inspired designs in high-impact
scenarios.

While promising, the findings highlight areas for further investigation. The small user group of seven
participants indicates market demand but is insufficient to quantify the its scale. Future studies should
expand the scope by testing diverse user groups, alternative materials, long-term durability, and
aerodynamic properties to confirm these findings under diverse conditions. Also, examining how structural
morphing and the Velcro attachment affect the structure’s properties.

Manufacturing scalability also requires exploration; while FDM printing sufficed for prototyping, alternative
(printing) methods may be needed for mass production.

Additionally, while the on-topplacement of the armor is expected to comply with abrasion resistance
standards due to the protective leatherunderneath, further testingand research is needed to confirm this.

Addressing these areas can refine the design, furthering its real-world applications and achieving Level 2
impact absorption Collaboration with regulatory bodies and manufacturers will be essential to overcoming
challenges and transitioning the concept into a market-ready product .The findings, not only highlight the
potential of fractal-based designs in motorcycle gear but also suggest broaderapplications in fieldslike
sports and military safety equipment. Opening doors to user-focused advancements in protective
technology across multiple industries.

The non-linear Double Diamond with integrated design sprints methodology was instrumental in managing
the project’s wide scope. Starting with the double diamond on its own, this provided a clear framework for
addressing the broader design goals but proved to be chaoticin the smaller explorations of this
multidisciplinary project. Design sprints were integrated to ensure the individual deep dives remained
structured and productive. Together, they supported iterative refinement of individual components while
maintaining alignment with the overarching project objectives.

The workbook documentation (Appendix 1) greatly enhanced this process, enabling insights gained from
one exploration to be easilyintegrated into others.

The approach and documentation facilitated the technicaldevelopment and ensuredthe final design

stayed user-centered and cohesive.
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— CONCLUSION

This project addressed the lack of comfort, personalization, and modularity in motorcycle gear while
maintaining high safety standards. By integrating a new fractal-based Sierpinski structure with a modular
Velcro attachment system, the design demonstrates that safety and user-centric features can coexist in
motorcycle gear. Dynamic impact and flexibility testing evaluated the critical structural properties of impact
absorption and comfort, validated through user and expert feedback to ensure alignment with real-world
market demands. This combined approach allowed for a comprehensive validation of safety and usability.

Fractal geometries were chosen for their energy dissipation potential and lightweight nature. The project
was undertaken with promising expectations but without concrete benchmarks, given the lack of
precedent dynamic impact testing. Results confirmed the feasibility of fractals and revealed unexpected
benefits of modular, on-top placement, enhancing personalization and modularity, expanding its user
appeal.

The non-linear Double Diamond process with integrated design sprints was instrumental in maintaining
structure throughout the project. While the Double Diamond and workbook documentation ensured a
broad multidisciplinary approach to the overall design, the design sprints provided focus and organization
to individual explorations.

Practitioners should explore modular, customizable designs to address diverse user needs. Future
research should assess alternative fractal geometries, materials, and real-world applications, alongside
scalable manufacturing techniques and compliance with abrasion resistance regulations as a more
comprehensive evaluation.

This project contributes by introducing a novel structure and property, challenging conventional safety
design approaches with user-driven insights and modularity, while also confirming the market potential for
more user-friendly and adaptable motorcycle armor. Its implications extend beyond motorcycle gear to
fields like military and sports equipment.

By addressing the growing need for user-focused safety solutions, this project marks an important step
forward in the development of innovative protective technologies. Underscoring the importance of
balancing user needs, technological advancements, and safety requirements, paving the way for future
advancements in customizable, lightweight, and effective safety gear
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Workshop

FBF project
Bente Elst

Impact protectors

= Create your own ideal
impact protecton

= On-top of gear
= One time Usa

Schedule

Intro (10 min)
Consent forms (5 min)
Prototyping (30- 45 min)

Presenting (20 min)

Concept presentation Bente (10 min)

Group interview / discussion (30 min)

AR LY

Presenting

Voorbeelden /
Inspiratie

= Uiterlijk

+ Functionaliteit
+ Inspiratie

* Innovatie
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Wat zijn je grootste
zorgen of irritaties
over bestaande
impact armor?

Op welke volgorde
zou jijde 5
aspecten van dit
concept
rangschikken?

Gebaseerd op belangrijkheid voor jou.

Zou jij dit concept
kopen als het in
een winkel zou
liggen?

Enwelke Armor/Gear is
dat?

Hebben jou rijsteil en/fof
de omstandigheden
waarin je rijd hier iets mee
te maken?

Uiterlijk

Comfort

Personalisatie

One-time-use

Protectie

Waarom wel?

Zo niet, wat houdt je
momenteel tegen?

Zou jij je huidige
armor hergebruiken
na een crash?

Wat zou een
acceptabele prijs
zijn voor dit
product?

Wat zou jij
veranderen /
toevoegen aan het
huidige Concept ?

En wist je dat dit
vervangen moet worden
ook zonder zichtbare
schade?

Voor een set met Schouder,
Ellenboog, Knie, en Heup
Protectoren.

En waarom?
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meetng Revit

= my topics are familiar to rev'it (stuf that they are adressing aswell)

Protectors on top of garments —> they do exist, but this often has issues with regulations due to the abrasion tests

easier to remove when placed below, when gear damaged —> protector is thill there

So you will need to have really good velcro or other mechanism

moto GP sliders are also removable and on top

But if my test and research comfirms on top is better for my goal== keep it

Don't worry too much about the testing &regulations

The goal doesnt have to be a product —= he ended up with only focussing on the mechanical structures

With auxetics —= only are nice in 3D for impact absorbtion, but right now, they rely mostly on the base material

(your not making use of the actual properties of the auxetic)

they can test it for me in their machine, it's really servera

sometimes theoretically something should work, but when testing, it totally doesnt

buying clothing in general is a very emotional decision —= often compromise safety for style

inb the end it should be Commercialized, manufaciured, accepted

During my studies keep looking outside of the box, maore extreme and what gets you regocnized not commercial

Printing 3D structures:
you need structures that have lines/walls intead of studs
fdm cannot print just small dots, the layer adhesion is the lowest quality
there are some examples in davides paper with troy and miguel
kirigamies —= like origmi with cuttet parts, take that principle to 3d frinting this makes it easier for fdm

forseen issues with external protectors
commercial answer = regulations & certifications.
Like in workshop, sometimes people say one thing but do another —= COGNITIVE DISSONANCE
actions dont match your believes
it can become too techy, people often just want a simple jacket, they can use it in various situations like driving to the
mountain and using the same jacket to go hiking, playing with layers
it depends on the rider the majority of user wont like the techy look but my target group could like it

Ho do you prioritize user comfort/mobility when designing
+  Protection always goes first due to ceriification
+  Comfort comes second and often in the places that have less strict protection rules (the zones)

Previously seen other impact absorbtion techniques
they have thought about springs etc aswell
Commercialy, its cheaper and easier to create the existing protectors with just injection molding
Multimaterial —= revit C-armor —= aluminium honeycomb inside to make lighter weight foam and hardshell
It comes down o the most cheap as possible for still level 2 certification
The most ultimate form of protection is airbags, nothing Is better that airbags

Can a crumple zone work (without involving commercial)

« yeah, but its hard to say often things that should work in theory, dont translate to the testing
+ It also really depends on the material that is used

*+  Intheory this could work

Ranking the & aspects:

«  these 5 things are all very important and revit is also focussing on each of these topics in their project as well.
Protection —= Commercialy, this is the most important

Comfort —= you can make something very protective but if people don't wear it, it doesnt really matter

Aesthetics —> are very impaortant in the motorcycle community

visualizing damage —=> damage can tell a story, but in the more casual urban sector this can also be a bad thing
Personalization —= its a challenge, people change their opinion so often. they are also looking into this

if | want testing —= they need to approve the prototype first but beside this, it should be fine
I can also get a view into the testing lab if | want too, which is very cool.
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Final user feedback (transcription) User 1.
'l merk niet dat het erop zit, maar dat komt omdat het erop zit.

Oké, oké. Hele goede vergelijking is het trouwens wel want heel flexibel materiaal wat
eigenlijk gewoon dun hapje stof is met een klein beetje rubber eraan geplakt uit
negentien honderd negentig ergens is net zo comfortabel als een harde project
protector, projector in het scherm. Een harde protector van nu. En die harde protector
ja, als je daarmee geslagen wordt of valt ja dan voel je dat niet. En met dat slappe
flubige flutding uit negentien honderd negentig nou dat voel je dus wel.

Dat doet helemaal niks het is wel comfortabel maar beschermt niet dit is comfortabel
en het bescharmt wel. Dus ik zeg als vergelijking weet je wel vergeleken dat tien van de
tip. Oké en het plaatsen bovenop merk je dan een groot verschil met als je het onderop
plaatst? Ik denk dat je het bovenop en onderop kan dragen en dan allebei nog steeds
ewven comfortabel. Het is lastig te merken met een leren pak.

Ik denk dat je als je een gewoon kleding meer stijl pak aan hebt, dat bovenop iets
comfortabeler is. Maar aangezien allebei mogelijk is met deze applicatie denk ik dat je
gewoon goed product te pakken hebt. Pakken. Eigenlijk voor een bedrijf standpunt ook
naar rechts want dan hab je matesn geen reclame aangezien niemand het logo ziet.
Verder ja design ik weet niet hoeveel de designer valt aan een protector aangezien het
een vrij ja alles valt echt ean beetje binnen dezelfde lijnen over het algemeen.

Maar het ziet er goed uit. Moet ik eerlijk toegeven, ziet er futuristisch uit. Dus ik denk dat
er ean hoop mensen zijn die bijvoorbeeld negen rijden of misschien een streetfider of
wat dan ook die denken van weet je het is best gaaf, dit zou ik wel bovenop mijn kleding
willen dragen. Zeker omdat ze het ook een andere kleurtje kan krijgen. Zou jij het
bijvoorbeeld willen krijgen met een bovenkant die helemaal glad is in plaats van dit
gaas.

Zou je dat mooier vinden? Of zou je 2eggen van dit vind ik jij veel leuk? Het doel heeft
juist wel iets wat. Ik denk, want ja heel machinaal zou je er denk ik wel qua
aerodynamica iets profijt in hebben als het helemaal glad is. Ook op zijn kleine
opperviakie dus ja maar dat zou dan meer een reis applicatie zijn en ik denk niat dat
heel veel mensen die echt een circuit opgaan dat helemaal glad willen.

la, ik denk dat ik het juist zoals het ruw is dat ik het juist ruw mooi zou vinden. Of
misschien als het glad is mat in ieder geval niet glanzand. Want dan lijkt het net alsof je
echtzo'n zo'n harde kunststof protaire ja, sluiers zeg maar geplaatst hebt. Alleen dan
heel groot. Dat ziet er voor mij een beetje daar uit,

Ja, maar welk aspect zou je dan het meeste gebruiken daarvan? Het personaliseren van
het uiterlijk Of het customization van rijden naar normaal dragen. Of het customization
tussen rijden op straat versus track? Ik zou het meeste persoonlijk, zou voor mij meer

uitgaan naar jij dat motor, naar gewoon normaal gabruik van fast jas, broak, wat dan
ook, En kopen omdat het modulair is daanussen? Ja, maar ik denk wel dat dat meer in
budgetvriendelijke applicaties zou zijn.

Ik merk dat als je meer het hogere segmeant dat daar sowieso al mensen dingen kopen
die het hogere segment allemaal makkelijker kunnan veroorloven. En die vinden het
vaak, ja die hebben meestal ook gewoon het geld om aparte kleding daarvoor te
hebben, Ik denk dat dit dan ook mear handig is veor de mensen dia igentijk wel heel
graag maotor willen rijden, Maar meer krap in kas zitten, dus ook een keer nleuws
motorkleding of nieuwe jas betalen waar dat moeilijker voer is. Ja.

Ik denk dat dit dan een betere uitkomst zou zijn voor veel gedos vinden om aan te doan
of om mee te slapen als ze ergens naartoe gaan. Dat voor hun dit een goed alternatief
zou kunnen zijn. Ja, je kunt hetvrij compact meanaman. Maar als je gewoon een klein
doosje op ean kopbergt tasje hebt. Gewoon in klein formaat tasje waar alles vier
compact in kunnen.

Dan kun je dat kleine tasje overal mee naartoa nemean. Dan hoef je niet altijd twee
claimsatukken mee te nemen of bij je te hebben. Of ergens naartoe te lopan om net weer
die andere jas tevoorschijn te toveren. Maar je zagt overal, ja dat kleine tasje kun je zo
ergens neerlaggen en dan zo omtoveran. Dus ja.

O, zeg maar wat zou jij zeggen dat hat main selling punt is van deze armar? Deze vraag
had j& hem ook mogen stellen &n dan eerst even na mogen laten denken, Oké Allebel,
het zit comfortabeler of inledar geval dat is afhankelijk van hoe je het gebrulkt maar het
kam comfortabeler zitten dus dat is gebruiksgamak. Het is lichter dus je zult het minder
woalan in gewicht als je iats aan hebt En minder gewicht is over het algameen ook meer
vrijheid met bewagen. Wat ook weer leidt voor meer gebruikersgemak.

Jo kunt het makkelijke switchen. Stel je wilt het eruit halen of ergens erop plakken of
ergens eral halen, is het makkelijker, Wederom gebruikers gemak dus ik denk over het
algemeen gebrulk gamak.




Final user feedback (transcription) User 2.

En de protector zelf denk dat het mooie eraan is dat je het dat je de grootte ook kan
aanpassen, Dus niet iedereen heeft natuurlijk dezelfde maat. Dus ik denk dat je ook een
stukje personal dat vind ik wel fijn. En ik vind de structuur vind ik cok wel gaaf aan de
binnenkant. Ik weet alleen niet helemaal hoe of ik het zelf zou dragen met deze
structuur aan de buitenkant.

Ik denk dat ik ham eerder of een glad zou hebben of een bijvoorbeeld En ik vind het aok
wel een gaaf idee dat je dat je je als je het moment dat je bijvoorbeeld ergens bent dat je
er makkelijk vanaf kan halen en op die manier dus gewoon een normale jas af. Is nou
nog het uiterlijk of die onduidelijkheid als je net bereiden voor normale vragen de
meningelling voor? Wat staat op één van die twee? Ik denk dat je van een motorjas om
male jas op dat moment kan maken. Je zegt dan van modariteit tussen het rijden en
normaal dragen is voor jou de main sign point.

In welke situaties zie je zelf hier gebruik van maken? |k denk dat het grootste
verkooppunt is dat Voor jou hé? Ja ja ja precies voor mij dat het moment dat ik dat ik zo'n
protectetet is het is het nu al best wel stevig 10 opzichte van de protectoren die ik
bijvoorbeeld nu in mijn jas heb zitten op mijn schouders en armen dus het geaft ook wel

iets wat meer gevoel van veiligheid. En ik denk dat gewicht ook een heel groot gedeslte
meespeelt maar ik denk dat vooral gewicht is in combinatie met het gevoel van
veiligheid. Want ik denk dat dat vooral een burger meespeelt.

Er zit een mooie mooi logo bij, een koele naam dus het is ook wel makkelijk om daar zeg
maar jezelf aan te verbinden Ja, ik denk dat dat wel was. |k noem drie dingen als je
meest selling point, is dat dan omdat die drie dingen samen werken op het totaalplaatje
van alles wat samenwarkt wat voor jou de meest selling point is of is er echt één van die
dingen die eruit springt? Nee, het is denk ik ean combinatie van. En dan een combinatie
van die drie? Ja.

Oké, hoe voelt het comfort level vergeleken met je eigen motor keer? En dat kan gewicht
zijn, movability. En of je het wel of niet voelt zitten hoe strak het zit. Ja, gewicht is niet
zozeer echt een ik voel niet echt een heel erg groot verschil. Wat ik wel heel erg merk is
dat dat een groot verschil is tussen de arm die nu aan de binnenkant zit 10 opzichte van
dat het nu aan de buitenkant zit.

Hoe aan de buitenkant zit is het ik vind het gewoon ean heal stuk en comfartabel.
Matuurlijk het is sigen smaak of je dat mooi vindt alleen het spel aan buitenkant heb je
gewoon veel meer bewegingsvrijheid 10 epzichte dat het aan de binnenkant zit. Ook
wvind ik het fijner wel aanvoelen ik heb vaak dat mijn armen zit tegen e lichaam zelf aan
dus dat voelt gewaoon wat minder prettig en af en toe in voel je het drukken of iets an dat
heb jo als je aan de buitenkant hebt heb je dat toch een stuk minder. Oké, ik heb wel een
doorvraag daarep, Je gaf aan dat je bijveorbeeld misschien maer interasse zou hebben
als het een solide bovenkant Zou hebben,

Maakt het voor jou uit dat je daardoor geen ventilatie meer krijgt? De huidige factoren
hebban ook niet vaak niet heel veel ventilatie. Dus het is natuurlijk wel fijn als je weliets
wal maer als jo pakken ook ists wel mear kan ademen natuurlijk maar hetis ja het kan
natuurlijk ook een selling point zijn dat je een ander soort design kiest wat ook daarmee
helpt natuurlijk. Waarmee helpt? Dus dat je dus dat het moment dat e een design kiest
wat wat meer open is dat dat [k van de selling point is natuurlijk dat dat
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Part 7a: Processing of research data
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Part 8: Closures and Signatures
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