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Creating specialized components featuring complex structures typically involves
extensive time, CAD modelling and manual labor. However, with the right
combination of tools and knowledge, complex components can be
generated, manufactured, and utilized within hours, rather than weeks or
months. By creating a portable manufacturing setup, the designer can
produce components on site, significantly enhancing accessibility. An example
where time and accessibility are of vital importance is in paralympic cross country
skiing where training schedules are tight and snow conditions vary. The aim of this
study was to generate and manufacture form-fitted, lightweight knee-supports
for a Paralympic sit-ski athlete within 4 days. This was done by 3D printing
components generated using Fusion 360s Generative Design (GD), based on
inputs from the athlete’'s geometry, material testing and force data resulting from
the athlete’s weight and movement. A precise fit around the knees was achieved
using a high-accuracy 3D scanner and modelling software to create an adjustable
prototype to determine knee positions and key angles. Force data from the knees
were gathered using a digital twin sit-ski. Based on the collected data, the
maximum forces inserted into the GD model were 700N and 500N for the
right and left knee, respectively. Material data was obtained through testing ABS
samples manufactured under the same conditions as the knee-supports
themselves. The Young's modulus was calculated to Exy = 1.945 + 0.061GPa
and Exz =2.123 + 0.108GPa and UTS was oxy = 31.408 + 0.774MPa and
oxz = 25.859 + 1.956MPa. The GD model generated seven models to choose
from for each knee. The supports were manufactured using a 3D printer modified
to increase the volumetric flow, effectively reducing manufacturing time.
Manufacturing time of the final knee-supports were 6 h 33 min and 7 h
24 min and the total weight of the components including support structures
were 468 g and 532 g for the right and left knee, respectively. Later optimized
print settings reduced the manufacturing time to 4 h 40 min. In total, two
iterations of knee-supports were produced, and the final lightweight versions
were mounted onto the sit-ski within 4 days. Qualitative feedback from the
athlete revealed improved fit, increased stability, surprisingly short manufacturing
time and a generally pleasing result.

generative design, 3D printing, digital twin, human centered design, sports engineering
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1 Introduction

Additive manufacturing (AM) is widely known to enable the
production of complex components (Gao et al., 2015). However,
designing such components usually takes time and modelling skills.
And in cases where complexity is unavoidable, modelling and
strength analysis can take up to weeks or even months. By
combining in-situ use of digital twin, knowledge on material
data, 3D scanning, generative design (GD) and AM, complex
components adapted to a specific use case can be both generated
and manufactured in hours as opposed to weeks or even months.

1.1 Form-fitting

Equipment fit is vital when it comes to performance in most
sports (Iriberri et al., 2008; Shan, 2008), and when considering
paralympic sports the individuality of the equipment is crucial due
to the high degree of bodily variations (Fikevag et al., 2020; Fletcher
etal, 2021; Eikevag et al., 2022; Nesheim et al., 2022). A study on ski
boots showed that boots that are wrapped more uniformly around
the athlete’s foot, providing uniform pressure transmits energy more
efficiently, increasing the peak force during downhill skiing
(Colonna et al, 2013; Feeney et al,, 2023). Following the same
line of reasoning, body-fitted equipment may also provide higher
control in paralympic cross country skiing, although there are more
contact points in a sit-ski than in traditional skiing, i.e., buttocks,
knees and lower legs. Form-fitting equipment to the human user is a
technique used in several instances such as wheelchair seats, car
racing seats, sports shoes, medicine, orthoses, prosthetics and more.
It is highly valuable in terms of ergonomics, damage prevention,
reducing pain as well as increasing performance and control (Mao
etal, 2021). Form-fitting usually require a lot of manual skilled labor
and or big setups with molds covering the part that needs to be form-
fitted (Nace et al., 2019). These techniques also provide little control
over other interfacing geometry of the part and support structures.
By venturing into the digital domain, however, more freedom and
possibilities are available in terms of geometric positioning and
strength analysis. This may be done by 3D scanning body shapes and
working in modelling software (Tasker et al., 2011), followed by 3D
printing the finished components, which reduces the need for skilled
manual labor.

1.2 Additive manufacturing

The recent advancements in AM have made production of end-
use components with this technology possible. AM can produce
complex geometries considered impossible in more traditional
production methods such as vacuum-assisted resin infusion,
injection molding or CNC milling. By being able to produce
components with the geometric freedom that AM offers, this
technology is highly suitable for creating components based on
3D scanned body parts (Goyanes et al., 2016). There are several
successful examples where 3D scanning combined with 3D printing
has been used to create form-fitted equipment. For instance, Denise
Schindler in collaboration with Autodesk, undertook a project where
3D scanning and 3D printing were used to create an aerodynamic leg
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prosthetic used for bicycling as reported in a news article from 2016
(Hobson, 2016). According to Schindler, the process of making
prosthetics is usually manual and highly time-consuming, and by
making the entire process digital, a lot of time can be saved. Other
similar work has been done in prosthetics (Sokolowski and Meyer,
2019; Marinopoulos et al., 2023), orthopedics (Negru et al., 2019),
implants (Jardini et al., 2014) and orthotics (de Souza et al., 2017;
Volonghi et al., 2018).

Metal AM is now considered a well-established production
method for manufacturing components with complex geometries
with known material characteristics (Agius et al., 2018). Laser
sintering of materials such as Ti-6Al-4V yields excellent surface
tolerances and lightweight, robust products. AM of metals are also
seen in multiple applications, but mainly in the automotive or space
industry. This technology could also be applied to prosthetic, e.g., by
using titanium with a density of 4.43 g/cm’ and UTS of
850-1,150 MPa (Agius et al., 2018). However, there are several
challenges associated with using metal AM. First, the accessibility of
metal AM is limited due to a significant equipment cost, material
cost and energy consumption. Second, the setup is large and
complex. An example of a portable metal AM setup is the one
made by Fieldmade (Fieldmade, Norway) which fits a portable setup
weighing several tons inside a shipping container that prints Ti-6Al-
4V. Third, producing a prototype in metal is quite time-consuming
as extensive post processing is commonly required and a small part
may take a couple of days in manufacturing time.

Polymer AM might solve all highlighted limitations related to
metal AM. Polymer AM technologies, such as Fused Filament
(FFE), Stereolithography (SLA),
Sintering (SLS), and Material Jetting, provide a vast array of
material options, ranging from flexible elastomers to high-

Fabrication Selective Laser

strength composites. Among polymer AM technologies, FFF is
the only portable production method readily scalable for larger
components due to the gantry-based system which can fit inside a
car within maximum carload weight restrictions, enabling in-field
manufacturing. In addition, the strongest published material
properties produced through FFF in the weakest axis up to date
is 80 MPa with a density of 1.17 g/cm3 (Birkelid et al., 2022; Bjorken
et al., 2022). FFF also provides exceptionally low hardware and
material costs. In terms of prototyping, time is the most crucial
element when creating many iterations. And, as presented in this
contribution, FFF technology can easily be modified for more rapid
manufacturing by replacing stock components such as the extruder
and hot end.

Using low-cost materials such as PLA and ABS, prototypes can
be produced for only 20$ per kilogram. Analyzing the anisotropic
properties of the low-cost materials (Morettini et al., 2022) provides
input for generative design (GD) studies as well as finite element
analysis (FEA) simulations, and for this, an accurate Young’s
modulus and UTS in the XY and XZ direction is required. While
prototyping equipment with weight and load-bearing requirements,
material performance studies are crucial to achieve the best
prototype functionality. Low-cost materials such as PLA and ABS
is weak to continuous cyclic loading (Azadi et al., 2021), but works
excellent under static conditions and as prototypes. However for the
final iterations for cyclic load-bearing components, FFF technology
enables the re-production of the component in high-performance

polymers, with no adaption in CAD required. For this
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high-performance polymer, composite PA6-CF is a strong
contender when including fatigue life (Panerai et al, 2023). In
summary, FFF is the best candidate when the requirements are
manufacturing time, portability, cost, and scalability in the context
of rapid prototyping of load-bearing components. FFF can also
produce highly complex geometries and designs, such as scanning
the human body and
Generative Design (GD).

load-bearing  structures  using

1.3 Generative design (GD)

Generative design is an Al based iterative design process,
generating outcomes based on specific criteria created by the
designer, which can be useful for exploring design possibilities
(Krish, 20115 Singh and Gu, 2012). A strong quality of GD is the
ability to generate a high number of complex designs in a short
period of time, making it a great design tool for creating human
centered equipment (Bosquet et al., 2020). Its inherent ability to
generate complex shapes also makes it a natural tool for generating
components to manufacture with AM (Wang et al., 2021; Ntintakis
et al,, 2022). This is substantiated by the many examples of GD
models manufactured through AM (Fantini et al., 2017; Junk and
Rothe, 2022; Autodesk, 2024). GD models are commercially
available through various software, however this article will from
this point refer to GD as the software package with the same name
provided by Autodesk Fusion 360 (Autodesk, San Francisco,
California, USA). Other work done on this area consist of GD
combined with metal AM for producing automotive parts and
support structures (Briard et al., 2020; Zhang et al., 2020). Also,
by 3D scanning existing components and setting up a GD model,
parts can quickly be replaced (Pollik and Torok, 2022). To the
authors knowledge, there is a big lack of resarch on applying GD to
FFF of polymers as most GD articles focus on software or metal AM.
This offers a huge demand for studies combining polymer materials
with GD and the applications of it.

A succesful GD model requires several input parameters. In
this article, the four main input parameters used are 1. Geometry,
2. Force data, 3. Material data and 4. Manufacturing process. The
geometric data defines and constrains the physical shape of the
component in its interfacing faces. I.e., measuring instruments
are used to identify the key shapes for the component to interract
with other components and users, and the positions relative to
each other. Force data is a crucial input as it defines the loads the
structure needs to withstand. The GD model uses this input to
generate a suitable structure. The magnitude of the forces applied
to the model will naturally affect the thickness and shape of the
optimized support structure. Material data is also needed to the
model since most materials acts different under the same load.
The thickness and shape of the generated support structure is
therefore dependent on the material as well as the applied load.
Depending on the manufacturing process, the generative design
outcome will be restricted. Some processes, such as turning and
milling will for instance, not be able to create internal cavities in
the component, whereas additive manufacturing will. The
manufacturing process is therefor also a vital input to the GD
model as it will define what
physically create.

shapes are prossible to
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1.4 Accessibility

Sports athletes do not necessarily have the time and flexibility that is
needed from a designer’s perspective when prototyping new equipment
adapted for that individual. Also, when working with winter sports, the
snow and weather conditions may change substantially on a daily or
hourly basis, rendering a highly complex design challenge. Thus, a fast
way of creating testable prototypes with complex geometries is vital
when working with this kind of design task. Waiting weeks for parts to
be made is highly unpractical. A high-speed 3D printer, able to produce
large prototypes on-site in a matter of a few hours is therefore a strong
ally to the designer.

By limiting oneself to rely only on relatively small and portable
tools (handheld 3D scanners, 3D printers and laptops), the
accessibility of the entire setup increases significantly as opposed to
being dependent on a laboratory. This is crucial to the entire process
presented in this article. A portable manufacturing setup allows the
equipment designer to travel to sport events and training camps to
create high-end specialized equipment at a low cost for the athlete
within hours, ready to be used at the local event. Many athletes do not
have the time nor funding to travel across the country (or further) toa
stationary laboratory to personalize their equipment although it is
highly needed in many sports, especially in paralympic sports.

This study was conducted in relation to a ski event in Norway in
March 2023, giving a time constraint of 4 days. The goal of this
project was therefore to create stiffness optimized knee-supports
form-fitted for an individual paralympic cross country skiing athlete
within this time limit. Included in the paper is the design and
production method of these components, including all steps
necessary to collect the required personal data in the field,
generating the design and manufacturing components. Also the
modification of a commercially available 3D printer, necessary to
achieve a high enough volumetric flow to achieve this goal within the
required timeframe is described. This paper is intended to provide a
holistic view of how this method can be used in an actual use case,
and discuss how it can be generalized first and foremost to the design
and production of most completely personalized equipment, but
also to other applications. The main innovation of this work is
showing how various tools can be combined to create a portable
setup that will enable the designer to design and produce such
finished components at a reasonable cost within a short time limit.

2 Methods

Each step towards the finished components, illustrated in
Figure 1, will be further elaborated in the method and results
sections. Given the iterative nature of this method, where each
loop is dependent on the feedback from the preceding one, the
article is structured by presenting an overview in this section and
splitting each loop between the method and the results section.

In order to create a stiffness optimized structure, a model in
Fusion 360s GD software was used. The necessary input parameters
for this model were geometry data, force data, and material data.

o Geometry data: The athlete’s knees were scanned using a

commercially available 3D scanner in order to obtain the
shape of the knees (Figure 1A). Two adjustable knee-
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FIGURE 1

Study overview. (A) 3D scanning of athletes exact knee geometry (B, C) 3D modelling and 3D printing adjustable form-fitted knee-supports (D)
Identifying correct knee position and angles (E) Finding maximum knee-forces (F) Material testing (G) Generative design based on inputs from D—F (H) 3D
printing generated form-fitted knee-support (I) Finished components mounted onto sit-ski.

supports based on this scan were designed (Figure 1B),
manufactured (Figure 1C) and mounted onto the athlete’s
sit-ski to find the suitable knee-support angles and
position (Figure 1D).

o Force data: A digital twin sit-ski equipped with force sensors
mounted at multiple locations, including the knee-supports, was
tested by the athlete on a regulated track. Force data was extracted
from the knee-supports to obtain the maximum forces (Figure 1E).

o Material data: Dogbone specimens were printed in the same
material (ABS) under the same manufacturing conditions as the
knee-supports and tested on a load system to determine the Young’s
modulus and ultimate tensile strength (UTS) of the printed
structure, in both in-plane and out-of-plane direction (Figure 1F).

Using these inputs for the GD model, both knee-supports were
generated (Figure 1G), produced using FFF (Figure 1H) and fitted
onto the sit-ski (Figure 11).

2.1 Data collection
As outlined in the method overview, the four required input

parameters for creating a GD model were geometry, force data,
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material data and manufacturing process. These parameters and
how they were addressed will be presented in this section. The study
was conducted at Beitostelen Helsesportsenter, and all necessary
equipment for the project was transported to the site during a
training camp and competition with professional Norwegian
paralympic athletes. The athlete consented to the study according
to NSD-514085, and provided informed written consent prior to the
study. The athlete answered six questions designed to qualitatively
evaluate the improvement of the knee-supports. This was done both
before and after modification. The answers were based on a Likert
scale and are presented in the results section.

2.1.1 Geometry data

Figure 2 describes the first steps of the design process. The aim of
these steps was to obtain the necessary geometric data as input to the
GD model. The athlete’s legs were 3D scanned (Figure 2A) with a 3D
scanner (Artec Leo, Artec3D, Luxembourg, Luxembourg) to obtain
an accurate shape of the knee in semi-correct position (Seminati
etal,, 2017). The scan generated a point cloud which was converted
into a 3D model of the relevant area and exported as an .stl file using
Artec Studio (Artec3D, Luxembourg, Luxembourg). The .stl file was
then imported into MeshMixer (Autodesk, San Francisco,
California, USA) where the model was converted into a hollow
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FIGURE 2
(A) 3D scanning of the athlete's knees while keeping a knee-seated position (B—D) Designing an adjustable knee-support from the 3D model using
MeshMixer and Fusion 360 (E) Test fitting 3D printed knee-supports (F, G) Identifying correct knee-angles.

form with a 4 mm offset distance from the knee (Figures 2B, C). The
model was then reduced to a model consisting of less than
10,000 faces and exported into Fusion 360, where clamps and
attachments were added. An assembly was made consisting of
both knee-supports, clamps and the frame interfacing with the
knee-supports (Figure 2D). The functional prototype allowed for
angular adjustments to be made in-situ, while the athlete was testing
the fit. All components for the adjustable prototype were 3D printed
and mounted onto the sit-ski. The knee-support angles were
adjusted in-situ, i.e., when the athlete sat in the sit-ski
(Figure 2E), until suitable angles were identified. The angles, a
and P (Figures 2F, G), were measured and written down. This
was done for both knees.

2.1.2 Force data

As a part of a larger study, an adjustable digital twin sit-ski
prototype was developed, equipped with integrated load cells to
collect force data from different parts of the sit-ski. In this study,
force data was collected by the TAS606 button load cells
(SparkFun Electronics, USA) integrated in the knee-supports
while the athlete was poling around a track consisting of
various features, providing dynamic data. The
TAS606 load «cell signal was amplified through a
HX711 amplifier (SparkFun Electronics, USA) giving an 80 Hz
refresh rate. The signal from both knee-supports were read by
and Arduino UNO R3 (Arduino, Turin, Italy) and passed on to a
Raspberry Pi4 Model B (Raspberry Pi Foundation, England). The
track was chosen to best represent different parts of a traditional

force
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sit-ski track used in competitions (World Para Nordic Skiing,
2021). The athlete performed the track 2 times. A complete
description of the digital twin sit-ski and the test track used
can be found in the study by Berg et al. (2023).

2.1.3 Material data

The material data was collected separate to the ski event and was
not done during the 4 day time limit. As production method affects
the material properties [Especially in FFF where material properties
tend to be inherently anisotropic (Es-Said et al., 2000; Ahn et al,
2002)], finding multidirectional material properties for the specific
material and machine used is vital for a good model. The material
used in the study was ABS filament supplied by 3DNet (3DNet,
2023). According to Autodesk Fusion 360, the primary material
values used to calculate the next design iteration in the GD process,
are the Young’s modulus and the Poisson’s ratio (Autodesk, 2023).
In addition, maximum stress is compared to UTS and safety factor.
Since strength and stiffness varies based on print parameters and
other manufacturing factors, these properties were found for ABS
samples printed under the same conditions as the components made
in this study. To obtain the Young’s modulus, Eq. 1 was used.

Eq. 1. Calculating Young’s modulus
BF 100
26

A Cross

E=

The forces, F, and F,, and the strain, ¢; and &,, defined the elastic
area of the stress-strain curve. The area (A .ss) represent the cross-
section at the fracture surface. The force (F) was collected by loading
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TABLE 1 Print parameters for dogbone samples.

Nozzle temperature [°C] 280

Bed temperature [°C] 100
Chamber temperature ['C] 38-41 (minor variations during printing)

Layer height [mm] 0.7

Infill 100% rectilinear
Perimeters 2
Nozzle size [mm] 1

3D printed samples in a load system and the strain (¢) was obtained
through Digital Image Correlation (DIC) analysis. The cross-section
(A) was measured using a digital microscope with software for
post-analysis.

First, specimens were designed with a geometry according to the
ISO 527 standard (ISO, 2023). The print parameters are shown in
Table 1. SuperSlicer, a forked version of Slic3r based on PrusaSlicer,
was used for preparing the print job. The 3D printer used was a
commercially available Troodon Core XY (Vivedino, Jinhua, China)
modified with two extra SuperVolcano Hotends (E3D, Oxford,
United Kingdom) configured in series (stacked) and a Titan
Aqua Extruder (E3D, Oxford, United Kingdom).

The specimens were standing (XZ direction) and laying down
(XY direction), and eight of each sample was manufactured
sequentially (Under “sequential printing” in SuperSlicer,
“Complete individual objects” was selected). The samples were
then prepared for DIC analysis. All samples were dotted with a
white  marker  according to an  online  guide
(“digitalimagecorrelation.org,” 2023). The samples were tested
on a MTS Criterion Electromechanical load system (MTS, Eden
Prairie, Minnesota, USA) with model name C42.503: 5 kN. The
tensile test speed was adjusted to 1 mm/min. The camera used for
taking sample images during loading was an Allied Vision
Technologies Stingray F504B ASG camera (Allied Vision
Technologies, Stadtroda, Germany) mounted with a C7528-M
75 mm Pentax lens (Ricoh, Tokyo, Japan). Images were
collected at 10 fps with a resolution of 2056 x 2,452 pixels. The
samples were illuminated with an external light source for better
imaging. After collecting force and image data, all images were

converted from .tif to .jpeg using Pixillion Image Converter (NCH

FIGURE 3
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Software Inc., Denver, Colorado, USA). For each sample, the
appropriate images were loaded into GOM Correlate in ZEISS
Quality Suite (ZEISS, Oberkochen, Germany). Using “Facet Point
Component”, six points were chosen to extract the length change
(in the Y-direction) over three distances, i.e., two points per
distance. The average length change over the entire component
was then calculated from the three distances at two timestamps,
i.e., at the beginning and right before yielding. Using metadata
showing the time of day from the captured images and the
recorded time from the loading system, the amount of strain in
the two timestamps were correlated to the load at those times. Both
the loads and the strains were noted in an Excel sheet.

The cross-section area of the samples were measured digitally
using an Euromex Nexius Zoom microscope with a WD34 2x lens
mounted and a VC.3040 UHD-4k camera along with its built in
software (Euromex Microscopen B.V., Arnhem, Holland).
Images of the cross-sections of all samples were captured at
the breaking point and the outline of the samples were
marked, producing the area of each cross-section. This was
done for all samples and written down in the aforementioned
Excel sheet. Eq. 1 was then used to calculate the Young’s modulus
for each sample. The average and standard deviation was then
calculated for all eight samples of the same type, i.e., XZ-direction
and XY-direction. The ultimate tensile strength (UTS) was found
by identifying the peak load point on each sample from the
output of the loading system and dividing it by the cross-section
area. This was done for all test samples, giving the average and
standard deviation.

2.2 Design and manufacturing process

The angles, a and B (found in Figure 2; Section 2.1.1) were
replicated in the CAD assembly, positioning the knee-supports
correctly relative to the sit-ski according to the physical
requirements made by the athlete. A new model of the knee-
support was then designed in MeshMixer with a 7 mm offset to
allow space for padding to be installed. In addition, during fitting,
the athlete made a remark that the
uncomfortably in a certain point on the front of the knee. The

supports pressed

appropriate point was marked out on the physical prototype and
expanded accordingly in the digital prototype in MeshMixer. A
new model of the knee-support was exported from MeshMixer as

(A) No-build volumes defined inside the generative design environment (i.e., the red volumes). (B—E) Relevant load scenarios defined.
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TABLE 2 Generative design input data based on the results in section 4.1.

Part Material Downward force Backward force
[N] ( ) [N] ( )

Right ABS 700 700

knee

Left ABS 500 500

knee

an .stl file and imported into Fusion 360 as a mesh into the CAD
assembly to replicate the correct angle relative to the frame. The
mesh was converted into a solid using the organic method to
reduce the number of faces on the component. This was a
necessary step since the two other methods (i.e., faceted and
prismatic) resulted in a component with way more faces than in
the former method. When adding forces into the generative
design model, each face experiencing force is manually
selected to achieve a realistic scenario. Thus, dealing with few
faces is favored over dealing with too many, making the selection
and computation processes faster. The old supports were
removed from the model, and a clamp was designed
interfacing with the frame of the sit-ski, to angle the new
supports correctly relative to the clamp. Both the clamp and
the support were loaded into the generative design environment
in Fusion 360 where forces and constraints were applied to the
model (Figure 3). Since the GD algorithm adds needed material
to handle the forces applied to the model, the second model from
MeshMixer was designed with a thinner shell than the
first prototype.

No-build volumes of the model were then defined (Figure 3A).
Boundary conditions were defined as follows. Fixed constraints were
added to the surfaces interfacing with the sit-ski frame below the
bottom plate. For each knee-support, four force scenarios were
defined: Downwards force (Figure 3B), forward force (Figure 3C),
backwards force (Figure 3D) and leaning force from the athlete
located on the edge (Figure 3E). The force input data was chosen
based on the results from the digital twin data and can be found in
Table 2.

Under Objectives in the Design Criteria tab, Maximize
Stiffness was selected, where Safety Factor was set to 1.00 and
Mass Target was 0.10 kg. Maximize stiffness with 100 g as target
weight was chosen over Minimize Mass because we deemed it
more important to increase the stiffness of the sports equipment
rather than extensively reducing its weight. Manufacturing
method was adjusted to Unrestricted and AM. Unrestricted
was chosen in addition to AM because the authors wanted to
investigate other design possibilities than the ones optimized for
additive manufacturing in order not to lose potential design
options that only required small modifications to be done
before production. Both knee-supports were generated
resulting in seven models for each knee to choose from.
Appropriate models were chosen based on a visual inspection
of print direction and potential overhang issues, and both knee-
supports were 3D printed. Important print parameters were
nozzle temperature: 280°C, bed temperature: 100°C, chamber
temperature: 38°C-41°C (small variations during printing),
layer height: 0.7 mm, infill: 20% gyroid, perimeters: 2. The new
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Forward force [N] Support force [N] Manufacturing

( ) ( ) method

700 700 Unrestricted, AM

500 700 Unrestricted, AM

knee-supports were then mounted onto the sit-ski and tested by
the athlete. A timeline showing the entire design and building
process can be seen in Figure 4.

As seen in the timeline, the printer ran almost continuously.
The components for the adjustable knee-supports (clamps and
both knee supports) were printed as fast as possible after knee
geometry was obtained by scanning and force data was obtained
through the digital twin on day 1 and day 2. Right after the
components were produced, the components were assembled and

Printer jobs
J Day 1 Other tasks

09:26 3D scanning knees
11:37 Other scanning jobs
12:07 Digital twin force

Day ) measuring

~08:00 Design planning

~10:00 Create 3D mesh of knees
13:18 Measuring sit-ski

~14:00 CAD adjustable prototypes
15:08

Clamps
16:50
18:47
Adjustable right
knee ])ay 3
01:47
08:58
Adjustable left 12:47 Mounting adjustable
knee right kneesupport

16:19
17:14 Mount both kneesupports
17:29 Measure angles
18:31 Set up GD model and run

Day 4 generation

~02:00 GD designs complete
02:30

Generated left knee
10:21
10:25
Generated right knee
17:41
18:51 Mount both kneesupports
19:35 Athlete test runs
FIGURE 4

Timeline of design and building process. Left side illustrate printer
jobs and right side shows other relevant tasks.
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the angles were found, giving us the last necessary parameters for
the GD model. After the GD designs were complete, the two
generated knee support designs were printed. In addition to the
print jobs shown in the timeline, other jobs were also done, but
were not included in the figure as they were not relevant for
this exact case.

3 Speed enhancing a commercially
available 3D printer

As portability, speed and price was vital for the project, a
polymer FFF 3D printer was the chosen manufacturing tool. The
printer kinematics were controlled through CoreXY, giving a
reduced weight compared to a Cartesian setup, enabling higher
tool head acceleration. The printer was also chosen due to its
large print volume able to produce components of substantial
size. Due to the time constraint we wanted to reduce the
manufacturing time. For this reason, a custom-made extruder
was developed to double the maximum volumetric flow. This
was achieved by extending the melt-zone of the hot-
end (Figure 5).

By doubling the length of the melt zone, the maximum
volumetric flow (mm?s) limit of the hot end was roughly
doubled. The maximum material flow through a stock
SuperVolcano is rated for 110 mm’/s (E3D, 2019) for PLA,
meaning that the modified hot end should be able to print at a
maximum volumetric flow of 220 mm?*/s. The print speed could then
be increased while maintaining the layer height, ultimately reducing
the print time of a given component. Since the 24V DC, 80W heater
cartridge was replaced by a 220V AC, 400W heater, the wiring was
redone (Figure 5B). One end of the heater cartridge was connected
directly to the 220V AC power supply of the printer and the second
to the AC side of a Crydom solid state relay (SSR) (Crydom Inc., San
Diego, California, USA). The DC side of the SSR was then connected
to the existing 24V heater control output on the Duet 2 Wifi board
controlling the printer. PID tuning of the new heater was then done

AL e

24V 80W
Heater
£
€
=) 220V AC
28V DC 1 eater
80W Heater ¢
€
o
= St
24V
Heater outlet

Wifi board

FIGURE 5

fromDuet2__ [ 24y*

10.3389/fmech.2024.1336843

according to an online guide (Duet WiFi/Eth-PID tuning hotend,
2017). The printer was calibrated for height, temperature, and
extrusion speed.

4 Results

All the results, i.e., partial results from each step of the design
and manufacturing process, and the final knee-supports will be
presented in this section.

4.1 Force data

Graphs showing the collected force data from the digital twin
knee-supports can be seen in Figure 6. Each graph represents one
stroke and is normalized in the x-axis. The four graphs show four
distinct sections of the track, chosen to observe the stroke
variations in the various features of a standard paralympic
cross country skiing track. The middle line in all graphs
represents the mean force value of all rounds, and the shaded
area represents the standard deviation. The force variations from
lowest to highest is most profound in Figure 6D. In this graph, the
mean right knee force oscillates from ~100N to ~400N. This
value can be used for determining fatigue life of the components.
Based on the available data, the maximum values for the right
knee were set to 700N and the left knee to 500N. The 200N force
difference was decided due to the discrepancy between the knees
observed in the downhill double poling section of the
track (Figure 6A).

4.2 Material data

The load over time data from the tensile test plotted in
Figure 7. The green and pink plots represent the samples
printed in XY direction (flat) and XZ direction (standing)

220V 400W
Heater

(A) Illustration of how the melt zone was extended by adding another SuperVolcano and changing the heater cartridge (B) Wiring diagram of old and
new heater cartridge (C) Image of the modified 3D printer. Extended melt zone is indicated by a white rectangle
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A
500 Downhill double-poling
—— Left Knee
—— Right Knee
400
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Normalized Cycle
C
500 Right turn double-poling
—— Left Knee
—— Right Knee
400
g 300
o
2
S
Y- 200
100
0
0.0 0.2 0.4 0.6 0.8 1.0
Normalized Cycle
FIGURE 6

500 Uphill double-poling

— Left Knee
—— Right Knee
400

Force [N]
w
1=}
S

N
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o

100

0.0 0.2 0.4 0.6 0.8 1.0
D Normalized Cycle

500 Straight double-poling

— Left Knee
—— Right Knee
400

Force [N]
w
o
S

N
o
o

100

0.0 0.2 0.4 0.6 0.8 1.0
Normalized Cycle

Force data from load cells on digital twin in different sections of the test track. All figures contain mean (solid line) and standard deviation (shaded
area) (A) Downhill double poling (B) Uphill double-poling (C) Right turn double poling (D) Straight double poling.

A Tensile strength B Stiffness
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FIGURE 7

(A) Ultimate tensile strength (UTS) and (B) Young's modulus

results shown as box plots. The green and pink plots show the results
from samples printed in the XY and XZ direction respectively. The
whiskers show the minimum and maximum, the boxes cover the
interquartile interval including the median line, and outliers are
indicated as circles.

respectively. After using the method described in Section 2.1.3,
the mean and standard deviation of the Young’s modulus were
calculated to Exy = 1.945 + 0.061GPa and
Exz =2.123 £ 0.108GPa. Looking at Figure 7, all UTS were
higher in the samples representing the XY direction as
opposed to the XZ direction, but in the Young’s modulus,
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they were lower. The mean and standard deviation of the UTS
in the two different groups were oxy = 31.408 + 0.774MPa and
oxz = 25.859 + 1.956M Pa.

4.3 Generative design model

Figure 8 illustrates the iterative GD process. The GD model
converged after 37 iterations, resulting in a model with a mass of
0.584kg, maximum von mises stress of 20 MPa and maximum
displacement of 4.4995 mm given the relevant load scenario.

4.4 Process results

Table 3 presents all the prototypes made using the 3D printer.
The table provides the printing time and the resulting component
weight for each print job. Generated right knee was printed later
with further optimized settings and the print time was reduced to 4 h
and 40 min, rendering average material flow to 100.28 g/h.
Calculating with an ABS material density of 1.03 g/cm®, gives an
average volumetric flow of 27.04 mm?/s.

CAD model of the left knee-support, finished printed knee-
support, the knee-support mounted on the sit-ski and a schematic
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1.50

~&— Mass [kg]

1.25 A

1.00 A

0.75 A

0.50 A

20 A

18 A

16 - =~ Maximum Von Mises [MPa]

~— Maximum displacement [mm]

0 5 10 15 20 25 30 35
Iteration

FIGURE 8
GD iterations in Fusion 360. Images show the knee-supports initerations 1, 3, 10 and 37. The presented properties are (from the top down) mass [kg],

maximum von mises stress [MPa] and maximum displacement [mm]. The blue square shows fluctuations in mass between each iteration in the
GD process.

TABLE 3 All prototypes made using the 3D printer along with printing time and component weight.

Prototype Description Measured print Weight (w/ Avg. Material flow
time support) [g] [g/h]
Clamps 4 clamps for adjustable prototype 1 h 42min 116 68
Adjustable right knee | Right knee-support with clamps for adjusting = Ca. 7 h* 544 Ca. 77.7
Adjustable left knee | Left knee-support with clamps for adjusting 7 h 23min 581 78.69
Generated right knee = Right knee-support made with generative 6 h 33min 468 71.45
design
Generated left knee Left knee-support made with generative design | 7 h 24min 532 71.89

“Exact time was not recorded due to technical issues.

showing print orientation can be seen in Figure 9. The component  bridging issues. Some stringing and drooping can also be observed
was printed as shown in the figure, requiring a support structure at  in Figure 9B. The drooping did not bring any issues and the
the very bottom. Further support structures on the top of the figure  stringing was removed using a heat gun. During mounting, a
were however removed as it saved more time. This lead to some  section of the bottom-clamp of the knee-support intersected with a
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Support
structure

FIGURE 9
(A) CAD model of the generated left knee-support (B) 3D printed knee-support (C) Knee-support mounted onto the sit-ski (D) Schematic showing
print orientation, support structures and overhang area leading to bridging issues.

FIGURE 10
Picture of both knee-supports mounted onto the sit-ski with and without the athlete.

Frontiers in Mechanical Engineering 11 frontiersin.org


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2024.1336843

Nesheim et al.

TABLE 4 All questions in the survey answered using the Likert scale.

10.3389/fmech.2024.1336843

Question Answer before modifications  Answers after modifications
How do you feel about your current equipment? 4. Happy 4. Happy

How safe are you in your current sit-ski? 5. Very safe 5. Very safe

How do you feel about the stability of your sit-ski? 4. Stable 5. Very stable

How well do you feel your sports equipment is customized to your fit?
What is your expected timeline for personalizing sit-ski equipment to your fit?

What do you think about the time it took to adapt your sit-ski?

part of the sit-ski. This

hacksaw (Figure 9C).

section was removed using a

4.5 Component results

Figure 10 displays pictures of the knee-supports mounted onto
the sit-ski from various angles with and without the athlete.
Paddings were first inserted in the supports. These were,
however, quickly removed after the athlete commented that it
removed “the molded feeling”. The athlete instead used an extra
layer of fabric on the thighs and knees as seen in the top middle
image. The athlete tested the sit-ski mounted with new knee-
supports in a slope and provided positive feedback, commenting
that they had a much better fit than the existing equipment and
provided much higher control over the sit-ski.

4.6 Qualitative results

The questions presented in Table 4 were originally presented in
Norwegian but are translated to English for presentability.

5 Discussion and future research

Both sports and other equipment may become more
personalized to the user, as presented in this article. When
equipment customization is easier and faster, it may become
more easily accessible. By, e.g., standardizing the weight and the
forces the structure needs to withstand, the only individual
differences are the human geometries, making this process
suitable for mass customization.

According to the athlete feedback, the change was a slight
increase in stability and fit (i.e., from four to five on the Likert
scale). It is however necessary to underline that this was a purely
qualitative investigation and as the athlete did not know how the
results would be while testing the old design, the improvement of
the “fit sensation” may have been higher than what is apparent
from the survey. And, according to the athlete’s comments, the
new design was a substantial improvement over the previous
equipment. More cases are necessary to investigate if the effect
is positive. This should be combined with test runs measuring
heart rate, speed and other physiological data comparing old and
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4. Well fitted

2 months

12

5. Very well fitted

Much shorter than expected

new equipment to whether  there is

performance increase.

investigate a

As seen in the timeline in Figure 4, the printer ran almost
continuously. Given the tight schedule, the jobs would never have
finished before the 4 day time limit without the necessary
modifications done to the 3D printer to increase the volumetric
flow, ultimately reducing manufacturing time. There are several
bottlenecks that may arise when trying to reduce manufacturing
time. Stepper motor speed and inertia, volumetric flow, material
cooling, tool head weight and other hardware limits all play a part
to this goal. Many commercially available printers (and modified
ones) can print at very high speeds, however this is often done with
small nozzle sizes and low layer heights to increase quality and to
show off impressive tool head velocities. So in order to reduce
manufacturing time of bigger components the volumetric flow
needs to increase accordingly. We achieved this by adding more
mass to the tool head. Following this development, stronger
stepper motors enabling higher accelerations of a heavier tool
head will probably be necessary to reduce the manufacturing time
of larger components further. By being smarter with material
choices and conducting thermal analysis of the hotend (Colon
et al,, 2023) a lighter toolhead with the same volumetric flow
capabilities can also be made. This is a big area for future research.
Following the development of 3D printer technology, printers with
these modifications will almost certainly arrive in the future,
making design cases like this more possible and easier to
conduct. Due to the high volumetric flow demands, the nozzle
diameter was 1 mm. The nozzle diameter and following surface
roughness was never experienced as an issue in the study, perhaps
due to the fabrics building between the athlete and the
components. Also, a smaller nozzle diameter would result in
longer manufacturing time. Visa versa, a larger nozzle size may
help increase the volumetric flow, reducing the manufacturing
time further, so this should be investigated in the future. Surface
quality will however always be a trade-off to nozzle diameter in
finer detailed regions. Other print parameters and path
optimization should be investigated in the future with the
aim of reducing manufacturing time. Regarding the scanner
choice, we believe the same goal can be achieved with other
scanners with similar accuracy and portability on the market
with a lower cost.

The total manufacturing time was quite low, i.e., it took 4 h and
40 min making one knee-support, after the settings were
optimized. Also, since there was no need for any handcrafting
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when making the form-fitted knee-supports, other useful work
could be done during the manufacturing process. A new iteration
can also be made quite fast if necessary, without the need of, e.g.,
skilled workers laying carbon fiber sheets. In addition, working
with a digital copy of the athlete’s body shape reduces the time
needed from the athletes to create molds from their body parts.
The 3D scanning session was quite quick and can then be used for
all future prototypes. On the other hand, the athlete’s body will
change over time, so when the component does not fit anymore it
will be necessary to scan the relevant body parts again in the future.
This is however the case for all rigid form-fitted components, and
in this case, the digital model can easily be modified with the new
scan and then be re-printed.

There are several improvements that can still be done to the
presented approach. One can go through several iterations using low
cost materials like ABS, before a final lighter version is printed in a
material with higher strength, such as Nylon or PEEK (Das et al,
2020). A new design will then need to be generated with the superior
material as input to the GD algorithm. ABS is highly recyclable
(Mohammed et al., 2017), which means that new filament can be
produced from the used prototypes. If recycled ABS is used in future
studies, then more knowledge on degradation effects of the material is
also needed. Substantial knowledge on strength and fatigue properties
of the stronger material are needed in order to predict how long the
component will last before failing. Naturally, considerable knowledge
on the processing parameters necessary to 3D print with these high
strength materials is also vital for successtully creating a component
with sufficient strength in all directions. If one uses a highly recyclable
material as the end-product, then recycling it to create new 3D
printing filament can also be done to reduce waste. The material
can then be used, e.g., to create a new component based on a new 3D
scan of the athlete done because of body changes that resulted in a bad
fit. By having recyclability in mind, the entire process can be made
circular, minimizing waste from sports equipment.

The method presented in this paper has only considered the
knee-supports. It can however also be applied to other parts of the
sit-ski that interfaces with the athlete, such as the lower legs and the
buttocks. Other sports engineering examples that could benefit
from this method include bicycling, downhill skiing, rowing,
bobsleigh racing and generally most sports where the human
contact with the equipment is vital for performance, control,
and comfort. Accessibility can also be improved in these
examples by letting the designer come to the athlete for
sporting events and training camps. On a more general note,
this method can be applied to many other applications as well,
outside of sports engineering, such as creating support structures
for other organic shapes that are more difficult to tackle with CAD
and traditional manufacturing. The method can be useful when
dealing with complex structural engineering issues such as
is no CAD file to
represent the reality. Complex structures are introduced in

machines and structures where there

every step of the process. i.e., in both 3D scanning of the knees
and in generating the load bearing structure. Since additive
manufacturing is inherently designed for manufacturing
complex structures, this method makes an excellent use case of
3D printing.

The supports were printed with 20% infill, which would not

guarantee the strength according to Fusion 360 GD results, as it
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generates solid structures. The decision of printing with 20% infill
were however made based on empirical data suggesting that the
resulting structure were highly over-dimensioned, in addition to the
authors being under a time constraint. As Fusion 360s generative
design software is designed to provide the optimal structure that will
handle the force input with accordance to the safety factor and weight
target provided during the workflow, the strength of the component
was neither verified through a physical nor digital strength analysis,
but tested in practice by the athlete in a slope. Such a verification is out
of the scope of this article but is needed in future work in order to
create optimal lightweight stiff structures for this purpose. It is then
important to verify both strength, stiffness, and fatigue properties.

The SuperVolcano heater is rated for 110 mm?*/s, which means the
modification done to the printer used in this study should be rated for
roughly 220 mm?®/s. As we achieved an average of 27.04 mm?/s this
may seem quite low. This may however be explained by material
choice (i.e., 100 mm?®/s was rated for PLA), and the slicer’s toolpaths.
Depending on how SuperSlicer plans the print path, the print time can
be reduced. Examples of time thieves during the print process are
overhangs that needs to be printed slowly for the material to cool
down, long travel paths without extruding filament, many small print
operations leading to extensive use of stops and lifting of the print
head instead of continuous movement and flow. Also running the
printer at 100% speed all the time in a closed chamber makes thin
walls collapse due to the heat, so naturally some sections of the
component was printed at lower speeds. This only shows that in order
to achieve faster component production, several factors need to be
investigated, not only volumetric flow. More research is needed in
order to reduce the final manufacturing time.

From a design perspective, several changes were made during
the development process. E.g., when the athlete criticized the fit of
one of the knee-supports, it was fixed in the next iteration. In
addition, space for padding was added to the knee-supports in the
second iteration, however the athlete wanted it removed and used
extra fabric on the knees instead, as the padding removed the
“molded feeling” of the knee-supports. Both these modifications
illustrate the importance of carrying on changes to the next iteration
and keeping an open mind for feedback during a design process.
Other modifications that could have been done is lowering the knee-
supports towards the ground with the aim of creating a more
aggressive and stable position. This is however subject to how
position changes may increase performance. It would also require
another design iteration created using GD. All these changes
demonstrated the importance of keeping a holistic view on
complex design problem.

The force measuring system could also be improved and more
customized for the purpose used in this study. The data extracted
from the digital twin sit-ski only represented the downward force
of the knees. However, the real force picture is more complex and
to get a more comprehensive understanding of what forces the
athlete protrudes, all three dimensions should be covered by
load cells.

6 Conclusion

This research has shown that by combining the correct tools it
is possible to create high-end user specialized equipment with a
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high degree of complexity on-site within a short period of time.
The entire process resulting in two finished ready to use form-
fitted stiffness optimized knee-supports were produced in less than
4 days where the final 468 g version of one support was
in 4 h and 40 min. The new form-fitted
components were a clear improvement over the previous

manufactured

equipment. These goals were achieved by combining digital
twin data, 3D scanning, material testing, generative design, and
high-speed additive manufacturing. The method used in this
research can clearly be adapted to other design problems with
high geometry complexity. The authors believe that this paper
serves as a good example of how 3D printer technology can be fully
utilized in the future as faster printers and more portable and
accessible technology emerges.
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