MASTER THESIS

EXPLORING SUSTAINABLE
MATERIALS FOR 3D
PRINTED SPLINTS IN
MEDICAL APPLICATIONS

\ M.C.l. Meijer

FACULTY OF ENGINEERING TECHNOLOGY
DEPARTMENT OF BIOMECHANICAL ENGINEERING

EXAMINATION COMMITTEE
Prof. dr. ir. Gabriélle Tuijthof
Dr. ir. Maartje Leemans.

Dr. Sara Roldan Velasquez
Dr. Vincent Stirler

UNIVERSITY OF TWENTE. 27-11-24



ABSTRACT

This thesis examines sustainable materials for 3D printed patient-specific splints for wrist frac-
tures. The currently used print material, ST45, is neither recyclable nor biodegradable, con-
tributing to the ever-growing hospital waste pile, highlighting the urgent need for sustainable,
recyclable material alternatives that align with the principles of circular economy. First, a sys-
tematic literature analysis was conducted to identify suitable materials, which were evaluated
with a multi-criteria decision analysis (MCDA) on their sustainability (i.e., recyclability), material
properties (i.e., fracture immobilization), patient safety and logistical practicality (i.e., compatible
with in-house 3D printers). Recycled polylactic acid (rPLA) and recycled polyethylene tereph-
thalate glycol (rPETg) were identified as the two most ideal candidates.

Second, the feasibility and sustainability of the production process for rPLA and rPETg were
investigated based on production, energy, and quality metrics. The results showed that the
rPETg recycling process, in collaboration with NHL Stenden, was more feasible compared to
the CHILL recycling production process based on production efficiency, filament quality, and
scalability.

Third, the mechanical properties of the virgin and recycled PLA and PETg 3D printed speci-
mens were evaluated and the recycled materials were compared to the ST45 benchmark. The
results show that rPLA and rPETg did not show statistically significant differences in terms of
impact energy, E-modulus, and tensile strength compared to ST45. However, rPETg showed a
statistically significant deviation in tensile strength. The recycling of PLA and PETg did not show
statistically significant differences in the E-modulus, but there was a significant increase in ten-
sile strength between the virgin and recycled samples. For rPLA, the impact energy remained
consistent with that of the virgin material, showing no significant differences between cycles.
For rPETq, the impact energy increased significantly after the first recycling cycle, indicating
a temporary improvement. However, after two recycling cycles, the impact energy decreased
significantly and performed worse than the virgin material.

The findings suggest that, taken into consideration, the recycling production of rPETg shows
potential as a viable material for 3D printed wrist splints. However, design modifications should
be explored to enhance its mechanical performance. Further research should focus on optimiz-
ing recycling processes in filament consistency and evaluating long-term material performance,
over multiple recycling cycles, and during use. Furthermore, design modifications and optimiza-
tions of the wrist splint should be explored to enhance its performance.
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NOMENCLATURE

Term Definition Sl Unit
AM Additive Manufacturing

ASTM American Society for Testing and Materials

CE Circular Economy

CFF-PLA  Continuous Fiber Reinforced Polylactic Acid

DLP Digital Light Processing

E-modulus Young’s Modulus Pa
F Force applied during a tensile or impact test N
FM Flexural Modulus Pa
FDM Fused Deposition Modeling

FFF Fused Filament Fabrication

H Hardness

ISO International Standardization Organization

LCA Life cycle assessment

MCDA Multi-Criteria Decision Analysis

PA Polyamide

PEEK Polyether Ether Ketone

PET Polyethylene Terephthalate

PETg Polyethylene Terephthalate glycol

PLA Polylactic Acid

PLLA Poly-L-Lactic Acid

PLA/Wood Polylactic Acid with Wood components

PP Polypropylene

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses

o) Density kg/m?
SDS Safety Data Sheet

SLA Stereolithography

SLS Selective Laser Sintering

ST45 reactive urethane photopolymer

o Stress Pa
T Temperature °C
™D Thermal Decomposition °C
DS Technical Data Sheet

uTs Ultimate Tensile Strength Pa
74 Volume of the printed object m?3
YS Yield Strength Pa
£ Strain
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17 INTRODUCTION

The modern healthcare system is highly dependent on single-use materials and disposable
items to maintain sterility and safety, resulting in significant waste, which averages 3.23 kg per
hospital bed per day [1]. Conventional splints or casts are made of plaster or gypsum, although
effective for immobilizing these fractures, contributing to this medical waste. Although effective
in immobilization, they often cause discomfort in patients, being bulky, itchy, difficult to keep
clean, and not water resistant [2, 3]. These challenges underscore the urgent need for more
sustainable and patient-friendly solutions in healthcare [4, 5].

In response to these challenges, Radboudumc, a leading trauma and university medical center
in Nijmegen, has collaborated with the MAINIAC (Military Al and Innovations in Acute Care)
initiative to develop an alternative for these conventional casts. The mission of MAINIAC is
to provide patient-specific solutions that enhance the resilience of military personnel. Their ap-
proach integrates smart logistics to optimize patient flows, enabling the efficient management of
large-scale casualties while fostering greater autonomy in operational healthcare. Furthermore,
MAINIAC emphasizes sustainability with the goal of reducing environmental impact. This aligns
closely with Radboudumc’s commitment to sustainable healthcare practices, including promot-
ing a circular economy in hospital settings [6].

The alternative that Radboudumc and MAINIAC are developing is the 3DxSplint. This patient-
specific 3D printed splint is designed to be more sustainable and offer greater patient comfort
than traditional casts [7]. It is printed with a reactive urethane photopolymer (ST45) UV resin
material [8] using digital light processing (DLP) technology. This technology uses a digital light
projector to cure liquid resin layer by layer [9]. Figure 1.1 illustrates a fracture in the lower arm,
the traditional fiberglass cast, and the 3DxSplint made of ST45 resin material, visually highlight-
ing the key differences between conventional and innovative treatment approaches.

R

Figure 1.1: lllustration of a fracture in lower arm. A: Schematic representation highlighting the anatomy
involved in the fracture [10]. B: Image of a conventional fiberglass forearm cast used for immobilization
[11]. C: Image of a 3DxSplint design applied to the wrist, made from ST45 resin material.

DLP is currently preferred for the Radboudumc and MAINIAC splint applications because of
its precision and efficiency. In terms of sustainability, Verschoor et al. [12] concluded that the
3DxSplint, created with DLP technology, generates less waste and has a smaller environmental



impact compared to conventional splints and casts. Figure 1.2 outlines the workflow for the pro-
duction and implementation of the 3DxSplint, demonstrating the potential for more sustainable
processes throughout the treatment lifecycle. However, there is room to further improve the
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Figure 1.2: The schematic representation of the proposed workflow for the 3DxSplint. The timelines
T1-T3 denote standard hospital visits for patients. T4 indicates additional hospital visits suggested by
healthcare professionals for extended follow-up care. Tz represents any patient-initiated hospital visits,
which may be influenced by factors such as pain or other relevant concerns [Adapted from [7]].

sustainability of the splint, by exploring recyclable or biodegradable alternatives to the current
ST45 print material. Since ST45 cannot be remelted or reshaped after curing, which limits the
options for recycling and biodegradability. Besides DLP, Radboudumc has also access to other
3D printing technologies. These technologies include fused deposition modeling (FDM) and
stereolithography (SLA). FDM operates by extruding thermoplastic filaments through a heated
nozzle, while SLA, similar to DLP, uses a laser to cure liquid resin into solid plastic but typically
at a slower rate [13].

These alternative 3D printing technologies, particularly FDM with its use of thermoplastics, offer
promising avenues for incorporating recyclable or biodegradable materials into the production
process. Such advancements would reduce the environmental footprint of the 3DxSplint while
maintaining its customizable and effective design [14], [15], [16].

Problem statement

Conventional splints or casts are made of plaster or gypsum, though effective in immobilizing
lower arm fractures, contributing to medical waste and patient discomfort. Although 3D printed
splints offer advantages, their sustainability could be further improved by finding an alternative
printing material. The currently used ST45 UV resin is not recyclable nor biodegradable and still
contributes to the increase in medical waste. There is an urgent need to explore and implement
an alternative sustainable, recyclable, or biodegradable material to minimize waste, streamline
logistics, and support the principles of circular economy (CE). The 6R framework of reduce,
reuse, recycle, recover, redesign, and remanufacture, as explored by Nazir and Capocchi [17],
offers a comprehensive approach to integrating sustainability into production processes. In
addition, adopting local and on-demand production methods can further enhance resource ef-
ficiency, reduce transportation costs, and facilitate a more sustainable approach to healthcare.

Objectives

The overall goal of this whole study is to advance the development of sustainable 3D printed
splints for lower arm fractures. To achieve this, the study will focus on three main areas:

1. Sustainable materials analysis through systematic literature study. This involves a thor-
ough review of the existing literature to identify potential sustainable materials for 3D print-
ing medical devices. The focus will be on materials that are biobased, biodegradable, or
recyclable, while also meeting the requirements necessary for the 3DxSplint.
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2. ldentification of the recycling process. This objective investigates the sustainability and
feasibility of producing the identified sustainable materials for the 3DxSplint, focusing on
the production, energy, and quality metrics. The goal is to contribute to a circular economy
in medical 3D printing, reducing waste and promoting resource efficiency.

3. Mechanical testing of identified materials. This includes the mechanical testing of the
recycled materials identified in the literature review to assess their suitability for use in
3DxSplint. The tests will focus on tensile strength and impact resistance to ensure that
the materials can provide adequate support during use.



2 EVALUATING SUSTAINABLE ALTERNATIVE MATERI-
ALS TO ST45 FOR 3D PRINTED MEDICAL SPLINTS:
A SYSTEMATIC LITERATURE REVIEW

Introduction

The literature review aims to assess the current state of publicly available information to answer
the research question. What materials exhibit sustainable properties for 3D printing in the con-
text of medical splints? Currently, the 3D printed splint is made from ST45 resin, which, while ef-
fective in producing strong and customizable splints, is non-recyclable and non-biodegradable.
This presents a need for exploring alternative materials that meet sustainability requirements
without compromising the functionality of the splint.

ST45 has been the "golden standard” for the 3DxSplint due to its reliable mechanical, ther-
mal, and print properties [18]. However, its environmental limitations are clear and finding sus-
tainable alternatives is crucial in the context of increasing demand for sustainable solutions in
healthcare. Alternative materials must meet key criteria: sustainability, mechanical suitability
for immobilization, patient safety, and logistic practicality. This balance will ensure that future
materials are environmentally friendly while maintaining the high performance of the splint and
patient safety standards.

To identify suitable alternatives, this systematic literature review will employ a systematic ap-
proach to collect, analyze, and compare relevant articles and studies. The study will focus
on biodegradable and recyclable materials that align with the sustainability goals of the 3DxS-
plint, without compromising its performance. By exploring these alternatives, the review aims to
provide guidelines for material selection, production processes, and testing plans. Ultimately,
this will help initiate a more sustainable production process for the 3DxSplint while retaining its
effectiveness in medical applications.

Methodology

For this systematic review of the literature, PubMed and Scopus databases were used to iden-
tify relevant studies, the search being carried out in March 2024. The search strategy employed
a combination of relevant search terms and synonymes, yielding the following query for the Sco-
pus database: (recycl* OR reus* OR reproces™ OR upcycl* OR refurbish* OR repurpos® OR re-
deem®) AND (”3D print*” OR "Additive manufactur*” OR “Three-dimensional print*” OR "Fused
deposition model*” OR "Rapid prototyp™” OR “Layered manufactur*” OR "Stereolithography” OR
"Digital light processing”) AND (sustain* OR eco-friendly OR "Circular economy” OR "Environ-
mentally friendly” OR nature-based OR renewable) AND (material* OR filament* OR polymer*
OR plastic* OR compound®) AND ("Trauma care” OR splint* OR “Fracture management” OR
brace OR "Orthopedic treatment” OR immobiliz*). This search was limited to specific fields by
excluding keywords such as "Tissue” and "Hydrogels” that were deemed irrelevant to the study
focus (the whole search string is shown in Appendix A).



Table 2.1: Inclusion and exclusion criteria for selecting studies on sustainable materials for 3D Printed
medical splints.

Inclusion criteria Exclusion criteria
* Investigated materials that are suit- * Focused primarily on materials in-
able for 3D printing, specifically tended for non-medical applica-
for use in external medical devices tions, such as food packaging, con-
(CLASS |) and biocompatible. sumer electronics, or general man-

ufacturing, without direct relevance

* Provided information on life cycle io healthcare or frauma care.

assessments, material reusability,

or biodegradability of the materials. * Reported on non-recyclable or
non-sustainable materials, such as
those made entirely of metals or
non-biodegradable polymers.

* Reported on material properties
(e.g., strength, flexibility, durability)
relevant to the mechanical require-
ments of trauma care applications. » Addressed internal medical applica-

tions, including tissue engineering,
bone regeneration, or drug deliv-
ery systems, which do not apply to
the external mechanical support of
splints.

* Focused on materials only compati-
ble with FDM, SLA, or DLP additive
manufacturing techniques.

» Theoretical studies or simulations
without experimental data on mate-
rial performance.

* Not available in English or did not
provide full-text access.

The results were sorted by relevance, yielding a total of 118 relevant publications. For the
PubMed database, a similar search query was executed, resulting in 180 relevant publications.
Following the search, duplicate records were removed and the titles and abstracts of the re-
maining articles were evaluated. Studies that met the inclusion criteria (Table 2.1) were further
evaluated based on full text analysis. In total, 298 articles were identified, of which 41 met the
inclusion criteria. Subsequently, these articles were analyzed with respect to the investigated
materials, methodologies, and reporting of the properties of sustainable materials. The litera-
ture selection and evaluation process is visually represented in a PRISMA flow diagram (Figure
2.1), illustrating the steps from the initial search to the final selection of studies for analysis. Data
were systematically compiled into an Excel spreadsheet, documenting key information such as
authors, publication dates, materials used, and findings related to sustainability and material
properties (shown in Appendix A).

Key criteria for material selection, developed in collaboration with medical experts and re-
searchers (Figure 2.2) from the 3DxSplint project. Encompass four main areas: sustainability,
fracture immobilization, patient safety, and logistical practicality.

For sustainability, the material must be biodegradable or recyclable to reduce the environmen-
tal impact. Furthermore, sourcing materials that are commercially available within the EU is
preferred, as this minimizes transportation emissions and ensures compliance with local regu-
latory standards. In terms of immobilization of the fracture, the material must provide mechan-
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Figure 2.1: PRISMA flow diagram for the systematic literature review.

ical properties comparable to ST45 resin, offering sufficient strength and rigidity for effective
immobilization of the fracture of the lower arm. Regarding patient safety, the material must be
flame resistant, water resistant, non-explosive, and non-flammable to ensure safe, prolonged
use under various conditions. These safety standards are consistent with those of the ST45
resin currently used. Lastly, logistical practicality requires compatibility with existing 3D printing
technologies (FDM, DLP, SLA) employed at Radboudumc. This ensures seamless integra-
tion into current production workflows without adjustments. These criteria not only address the
functional demands of the 3DxSplint but also align with broader sustainability and regulatory
goals.



3DxSplint

Candidate
material

Sustainable Immobilize DRF

Low
environmental

Properties similar to
ST45
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with FDM, DLP

Flame-resistant

impact

Water-resistant orSLA

TD> 80°C
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and/or
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E= 2460 MPa

80D = H= 96D

Non-explosive

Non-flammable

Produced
within EU

42 MPa = UTS < 84 MPa

1590 MPa < E,., < 2000 MPa

flex

Requirements

Figure 2.2: Material requirements for the 3DxSplint

Table 2.2: Materials from literature review, with green indicating that the materials have similar mechan-
ical properties to the reference material ST45, and orange indicating sufficient mechanical strength to
provide proper functionality of the 3DxSplint.

Material Print method | Tensile strength (MPa) | E-modulus (MPa) | Available | Ref.
by
rPET FDM 30-68 650-3670 Formfutura| [19] [20]
[21]1[22]
[23] [24]
[25] [26]
[27]
PLA/WoodT* FDM 15-57 1500-4000 3DJake [28] [29]
[307 [31]
rPETg FDM 27-53 183-2700 Formfutura| [32] [33]
[34] [35]
rPLA FDM 21-60 350-3500 Formfutura| [36] [37]
[35] [31]
[38] [39]
[26]
rPP FDM 4-40.00 740-1340 Formfutura| [40] [41]
[27] [42]
CFF- FDM 9-254 217-23300 Nanovia [43] [44]
PLA* [45] [46]
PLLA FDM 150.00 2700 3D4Makers [36]

* 26% flax fibers in PLA
** wood in PLA (wood flour 10-50 wt.% and wood fibers 15-25 wt.%)



Table 2.3: The materials found through a web-based search of properties of materials from the literature
review. Green indicates that the materials have similar mechanical properties to the reference material
ST45, and orange means it has sufficient mechanical strength to provide proper functionality of the
3DxSplint.

Material AM Tensile strength (MPa) | E-modulus (MPa) | Available Ref.
by

GreenTEC FDM 46 3300 Extrudr [47]

GreenTEC FDM 58 4300 Extrudr [48]

Pro

niceBIO FDM 55 5100 3DJake [49]

filaments

PolyHydroxy] FDM 26 2500 ColorFabb | [50]

Alkanoates

Recycled FDM 90 3400 3D4Makers | [51]

PEEK

Plant- DLP 52 1200-1600 Anycubic [52]

based UV

resin

Multicomp LCD 50 307 Multicomppro [53]

Pro

MP004398

Biofusion FDM 41 3200 Extrudr [54]

Hard resin | DLP/SLA <10 1000-1300 3Dresyn [55]

with 85%

Bio content

Elastic DLP/SLA <1 5 3Dresyn [56]

resin with

85% Bio

content

Flexible DLP/SLA <5 800 3Dresyn [57]

resin with

85% Bio

content

Material selection

In the material selection process for the 3DxSplint, priority was given to materials that were re-
cyclable or biodegradable to meet sustainability goals. Compatibility with FDM, DLP, and SLA
3D printing technologies was evaluated to ensure smooth integration into existing production
methods, with a preference for materials sourced and commercially available within the EU to
reduce logistical complexity and transportation-related emissions.

Mechanical properties, specifically tensile strength and E-modulus, were analyzed as key in-
dicators of the material’s ability to immobilize fractures effectively. Comparisons were drawn
with conventional materials used in plaster and fiberglass casts, which have proven effective in
lower arm fractures [58, 59]. Plaster casts have a tensile strength of 6.04 MPa + 0.53 MPa and
an E-modulus of 443 MPa * 75.0 MPa, while fiberglass casts offer higher values, with a tensile
strength of 33.8 MPa £ 3.6 MPa and an E-modulus of 3498 MPa £ 192 MPa [60]. The candidate
materials for the 3DxSplint must have tensile strengths greater than 20 MPa to provide sufficient
stability during weight-bearing activities and minimize complications during healing [61].

The materials selected in this step are summarized in Table 2.2, where the color code indicates

their mechanical properties relative to ST45: The materials highlighted in green exhibit similar
properties, while those marked in orange meet the minimum requirements for fracture immo-
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bilization, comparable to plaster and fiberglass casts. Materials indicated in red are deemed
unsuitable for the 3DxSplint due to inadequate mechanical performance. Furthermore, dur-
ing the literature review, other suitable materials were identified through technical data sheets
available on various websites, which are presented in a separate table 2.3.

Scoring system

The scoring process followed a multi-criteria decision analysis (MCDA) framework to ensure
that candidate materials identified in the literature were consistently evaluated in all criteria.
MCDA is widely recognized as an effective tool for objective material selection [62, 63, 64].
This framework, detailed in Appendix A, systematically evaluates the four key criteria for the
3DxSplint: sustainability, mechanical properties, safety, and logistics (Figure 2.2). Sustain-
ability was assessed based on environmental impact and recyclability. A high score of 5 was
awarded to materials with low environmental impact that are recyclable and/or biodegradable.
The immobilization properties were measured against the specific mechanical requirements es-
sential for the support of the fractured lower arm: thermal decomposition temperature (> 80°C),
ultimate tensile strength (42-84 MPa), flexural modulus (1590-2000 MPa), hardness (80-90D)
and E modulus ( 2460 MPa). A score of 5 was given if a material met the required specifica-
tions, with lower scores as the performance deviated from these thresholds. The safety of the
user was focused on solubility, flammability, and reactivity. The materials had to be insoluble,
nonflammable, nonexplosive, and not prone to self-ignition to achieve a high score of 5. Logis-
tics considered the location of production and the compatibility with the RadboudUMC 3D Ilab
printing methods. Materials produced outside the EU or unsuitable for reliable printing scored
1, while locally produced compatible materials scored 5, reflecting logistical convenience and
minimal environmental impact. Each criterion was weighted equally in the final evaluation. The
scoring relied primarily on technical and safety specifications from manufacturers. If data were
unavailable, they were supplemented from the existing literature, and where information could
not be found, a default score of 1 was assigned to indicate potential limitations. The overall
score for each material was the average of all requirements, with detailed scoring provided in
the appendix A.

Results

Table 2.4 presents the materials and their scores assigned according to the MCDA criteria.
The sustainability assessment identified rPLA as the highest scoring material, achieving maxi-
mum scores for low environmental impact and strong recyclability or biodegradability. rPLA is
classified as a recycled and biobased material, which is compliant with the REACH and RoHS
regulations. Its recyclability and biodegradability contribute to its score of 5. Several materi-
als scored 4.5 in the sustainability assessment, including rPETg, CFF-PLA, PLLA, PLA/Wood,
GreenTEC, and GreenTEC Pro. Although these materials exhibit favorable sustainability at-
tributes, they differ from rPLA primarily in their recyclability and biodegradability ratings. By
comparison, Polyamide 12 received a low score due to its petroleum-based composition and
limited recycling options, indicating a higher environmental footprint. Likewise, Multicomp Pro
MP004398 and plant-based UV resin were assigned similar scores because they are neither
biodegradable nor recyclable. The variation in scores reflects differences in material composi-
tion, established recycling processes, and biodegradability.

rPETg, CFF-PLA, and PLLA achieved the highest scores in the immobilization criteria, with
overall ratings of 4.2, 4.4, and 4.2, respectively. rPETg satisfies three out of five criteria, with
only slightly lower hardness (69D) and a reduced Young’s modulus (1640 MPa) compared to
the ST45 benchmark. CFF-PLA meets two out of five requirements, showing marginally lower
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ultimate tensile strength (41 MPa) and Shore hardness (77D) than the required standards, while
its flexural modulus is somewhat higher (2300 MPa). PLLA, which meets four out of five crite-
ria, has a high flexural modulus (3350 MPa), which contributes to a slight reduction in its overall
score. In contrast, the elastic and flexible resins with 85% bio content scored lower. Their tensile
strengths (<1 MPa and <5 MPa, respectively), hardness and Young’s modulus fall considerably
below the necessary levels for effective immobilization. Additionally, a lack of available data on
thermal decomposition and flexural modulus further limits their suitability in applications requir-
ing robust immobilization.

The user safety assessment showed that rApolloX (ASA-based filament), BioFusion, Green-
TEC, and GreenTEC Pro (PLA-based filament) scored highly because they met all necessary
safety requirements. However, other materials from different manufacturers, such as plant-
based UV resin, PLLA, and niceBIO filament, received lower scores due to the missing critical
safety data, particularly regarding their flammability and potential hazards.

The logistics assessment demonstrated that rPLA, PLLA, rPET, rApolloX, and rPETg achieved
high scores due to their availability within the EU and compatibility with various printing methods.
This, in turn, enhances their availability and ease of integration into manufacturing process of
the 3DxSplint at Radboudumc. In contrast, plant-based UV resin scored lower due to production
outside the EU and limited compatibility with specific printing methods, potentially complicating
supply chain logistics and increasing associated costs.
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Table 2.4: Scoring of candidate Materials for 3DxSplint using Multi-Criteria Decision Analysis (MCDA)
framework based on Sustainability, Immobilization Performance, User Safety, and Logistics. The ma-
terials are ordered from the highest total score at the top to the lowest at the bottom. The reference is
added where the values are obtained from.

Material Sustainability | Inmobilization| User Safety | Logistics (1- | Total Score
(1-5) (1-5) (1-5) 5)

rPLA 5 3.8 4.75 5 18.55

rPETg 4.5 4.2 4.75 5 18.45

PLLA 4.5 4.2 4.5 5 18.2

rApolloX 4.5 3 5 5 17.5

rPET 4 4 4.5 5 17.5

GreenTEC 4.5 34 5 4 16.9

GreenTEC Pro | 4.5 3.4 5 4 16.9

CFF-PLA 4.5 4.4 4.25 3.5 16.65

PLA/Wood 4.5 3.8 4.75 3.5 16.55

Biofusion 3.5 4 5 4 16.5

PolyHydroxy 4.5 3 4 4.5 16

Alkanoates

Recycled PEEK | 3.5 3.2 3.25 4 13.95

rPP 4 2.6 4.25 3 13.85

Hard resin with | 4 1.8 4.5 3 13.3

85% Bio

content

Polyamide 12 2 3.6 4 3.5 13.1

Elastic resin 4 1 4.5 3 12.5

with 85% Bio

content

Flexible resin 4 1 4.5 3 12.5

with 85% Bio

content

niceBIO 4 2.6 1 3.5 1.1

filaments

Multicomp Pro 2 24 25 3 9.9

MP004398

Plant-based UV | 2 24 1 25 7.9

resin

In this MCDA, rPLA and rPETg were identified as the highest-scoring materials of the literature
review and the Web-based search. Both materials demonstrated strong performance on all the
criteria evaluated. These results indicate that they are the most viable alternatives for replacing
ST45 in the production of medical splints.

Discussion

The scoring system used in the MCDA framework to evaluate materials for the 3DxSplint project
relied heavily on manufacturers’ technical and safety data. In cases where there was no addi-
tional literature source available, as with several web-based materials, only the technical and
safety data sheets from the manufacturers could be referenced. Missing data for some ma-
terials resulted in a default score of 1, which may not fully capture their potential. In the initial
MCDA, this conservative approach led to lower scores for several materials, which were later re-
fined with literature findings where available. For example, additional data for rPETg revealed
a decomposition temperature above 300°C, a Shore hardness of 69D, and an E-modulus of
1640 MPa, suggesting improved safety and rigidity that meet the immobilization criteria better
than initially assessed [65]. Similarly, the absence of flexural modulus and hardness data ini-
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tially lowered the PLA/Wood score, while the literature shows these values at 3940 MPa and
73.6D, fully meeting the immobilization requirements [66, 67]. The cautious scoring of PLLA
due to the lack of safety data was revised based on the findings that showed a decomposition
temperature above 200 ° C, non-flammability and resistance to water [68]. In other cases, the
literature helped refine the initial conservative scores. For example, the CFF-PLA E-modulus
of 2300 MPa, although slightly below ideal, still supports adequate splint rigidity [69]. rPP and
rPLA initially lacked hardness data, which was later confirmed as 67A and 65D Shore hardness,
respectively. Although potentially insufficient for immobilization, rPP’s non-flammable charac-
teristics remain beneficial [70]. rPLA also resists fire propagation [71]. This re-evaluation thus
provides a more reliable and accurate representation of each material’s potential for 3D printed
splint applications.

Limitations

One limitation of this MCDA evaluation framework is that manufacturers use different testing
methods. Importantly, there is no unified testing standard for 3D printed materials; existing
standards apply primarily to specimens produced through injection molding. This lack of specific
standards for additive manufacturing complicates the direct comparison of material properties
between different studies and manufacturers [72].

A further limitation lies in the equal weighting of all criteria (sustainability, mechanical properties,
user safety, and logistics). Sustainability and mechanical properties are likely more critical to the
functionality of the splint and therefore should carry greater influence in the overall assessment.
Future analyzes could improve accuracy by assigning different weightings to these parameters
and calculating a weighted average total score to better reflect the relative importance of each
criterion.

Lastly, even though efforts have been made to remain objective, assessing factors such as user
safety and environmental impact can still involve some subjectivity. These factors are harder
to measure and are largely dependent on existing literature and safety data. Involving experts
with specialized knowledge could offer a clearer understanding of safety, environmental, and
usability issues, making the evaluation more thorough, especially for criteria that are difficult to
measure.

Future research

To address the limitations identified within the MCDA framework and assess the feasibility of us-
ing sustainable materials in the 3DxSplint project, more research is needed in several key areas.

The first area of research should focus on the practical implementation of rPETg and rPLA in
hospital settings, particularly in terms of their recyclability at RadboudUMC and 3DLAB. This
study should investigate whether the recycling process for these materials is sustainable, cost-
effective and scalable in the specific context of medical 3D printing. In addition, the quality of the
filament produced after recycling should be evaluated to ensure that it maintains the necessary
mechanical properties and meets the required standards for clinical use. This research would
help determine whether the use of recycled filaments for the 3DxSplint aligns with sustainability
goals while maintaining the performance and reliability required for medical applications.

Another area of research should focus on how the 3D printing process influences the mechanical

properties of rPETg and rPLA. This involves investigating any deviations between the printed
materials and the manufacturer’s technical data sheets in terms of tensile strength, flexural
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modulus, and other relevant properties. Understanding how printing parameters, such as ex-
trusion temperature, layer height, and print speed, affect the final material properties will provide
insight into whether the materials can consistently meet the standards necessary for medical
applications. This will also help optimize printing conditions to achieve the best possible mate-
rial performance.

Finally, research should assess the user safety and comfort of rPETg and rPLA in real-world
conditions. Specifically, this study should test the materials under realistic environmental con-
ditions, including exposure to moisture, humidity, dust, and prolonged wear. This will determine
whether rPETg and rPLA can withstand the stresses of everyday use, ensuring that they re-
main safe, durable, and comfortable for end-users. The testing could involve both mechanical
durability tests and surveys or interviews with users to assess comfort and safety in practical
scenarios, like wearing splints for extended periods in various environmental conditions.

Conclusion

In this literature review, 41 studies were systematically evaluated to identify and analyze poten-
tial sustainable materials for replacing ST45 in the 3DxSplint project. A multi-criteria decision
analysis (MCDA) framework was applied to rank the materials based on four criteria and their
requirement that align with the project’s sustainability and performance goals. The analysis
identified rPLA as the most promising substitute for ST45, offering both sustainability and lo-
gistical advantages. Other candidates, including rPETg and PLLA, demonstrated favourable
properties, though trade-offs between mechanical performance, safety, and sustainability were
noted.

While this study provides valuable insights into sustainable materials, more research is needed
to assess their clinical feasibility. Future studies should focus on the recyclability and their
practical implementation in hospital settings, the impact of 3D printing on the properties and
striving for consistency in recycled materials. Finally, evaluating the user safety, comfort, and
durability of these materials under real-life conditions is essential for their successful integration
into the 3DxSplint application.
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3 INVESTIGATING THE RECYCLING OF RPLAAND RPETG
FOR THE 3DXSPLINT

Introduction

Recycling for 3D printing involves converting used plastic materials into new, printable filaments.
Common methods include mechanical recycling shown in figure 3.1. Mechanical recycling in-
volves physically shredding and melting the material to form a new filament. This simple and
cost-effective process can degrade the properties of the material over repeated cycles [73, 74].
This degradation occurs due to the physical processes of shredding and melting, which ex-
pose the polymer chains to heat and shear forces, leading to chain scission, reduced molecular
weight, and ultimately compromised mechanical properties [75]. The increasing emphasis on

Collecting Sorting Cleaning & Shredding Filament 3D printing Print
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Figure 3.1: Mechanical recycling process for creating new printable filaments.

sustainable materials is also evident in the healthcare sector, where recycled plastics are in-
creasingly applied in the production of medical devices, packaging, and prosthetics [76, 77].
Initiatives like those of SUEZ Recycling and Recovery in the UK and Philips in the Netherlands
illustrate the efforts to incorporate recycled plastics into the manufacturing of medical products,
improving sustainability without compromising quality [78, 79]. Similarly, Reflow, a Dutch com-
pany that specializes in sustainable 3D printing filaments, partners with research institutions to
convert medical plastic waste into high-quality filaments for various applications [80]. Despite
the presence of large-scale industrial recycling projects, local recycling options remain limited.

In the context of 3DxSplint and similar projects, several academic and industrial collaborations
support the goals of this study. The Fraunhofer Innovation Platform for Advanced Manufac-
turing at the University of Twente focuses on advancing recycling and additive manufacturing
processes, with relevant projects such as "Waste2Print,” which investigates the use of recycled
ABS to produce high-quality 3D printing filaments [81]. Furthermore, the Brightlands Chemelot
Campus, through its CHILL (Chemelot Innovation and Learning Labs) initiative, is emerging as
a hub for circular chemistry, focusing on the sustainable processing of raw materials, including
plastics, aligning with the growing global demand for sustainable practices in 3D printing [82].
Furthermore, NHL Stenden University collaborates with Hartplastic to develop innovative solu-
tions to minimize plastic waste in healthcare. This partnership emphasizes efficient resource
management while maintaining high standards of patient care, thereby promoting circular econ-
omy practices within the medical sector [83, 84].
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In light of these collaborations, the review of the literature in Chapter 2 identifies recycled Poly-
lactic Acid (rPLA) and recycled Polyethylene Terephthalate Glycol (rPETg) as promising sus-
tainable materials for the production of the 3DxSplint. Both materials exhibit high sustainability
ratings, adequate mechanical properties, and strong safety profiles [34, 33, 40]. rPLA stands
out because of its biodegradable nature and versatility. PLA has demonstrated potential as a
biomaterial in numerous healthcare applications [36] and PETg is utilized as sterile packaging
material for medical devices. The growing demand for PETG in medical applications highlights
a high increase in potential plastic waste from medical grade PETG items, such as disposable
medical products, packaging, and device components. As the market is projected to expand at
a compound annual growth rate of 7% from $174.68 million in 2023 to $262.15 million in 2029,
PETG consumption will increase substantially [85]. If PETG waste is not managed sustainably,
this increase can contribute to medical plastic waste in hospitals. Its established use in hos-
pitals and identification as a top candidate in the literature review further emphasize recycled
PETg’s potential for sustainable 3D printing applications. Previous research by NHL Stenden
has also explored the recycling potential of rPETg, reinforcing its selection for this study as a
viable option for sustainable 3D printing [86].

This study evaluates the feasibility of integrating the rPLA and rPETg recycling processes for
the production of 3D printed splints. This objective is supported by collaborations with MAINIAC,
RadboudUMC, CHILL, and NHL Stenden, utilizing industry and academic expertise. This inves-
tigation will assess material quality, production efficiency, and production scalability. To confirm
whether these recycled materials can reliably meet the demands of clinical 3D printing work-
flows. Recycled materials in one cycle are expected to meet the quality standard for the splint.
The recycling process of rPLA and rPETg will show increasing efficiencies as the scale of pro-
duction increases. rPLA will be more scalable than rPETg, as rPLA is widely used in recycling
processes and has established methods for handling larger production volumes.

Method

Partnerships were established with CHILL and NHL Stenden for the 3DxSplint project to assess
the available recycling facilities. Communication with representatives of these institutions clar-
ified their operational capabilities and limitations. Based on this information, a recycling setup
was designed and implemented at both locations. Figure 3.2 illustrates the established recy-
cling process.

Recycle production process of rPLA

At CHILL, the recycling process focused on post-extrusion PLA regrind sourced from ColorFabb
[87]. To establish a baseline for comparison, BASF virgin PLA was evaluated at two filament
diameters: 2.85 mm and 1.75 mm. After trials, 1.75mm was determined to offer more consistent
extrusion quality. These are detailed in the Appendix B.

Printed material: Regrind PLA was first printed using a Bambulab X1 Carbon 3D printer with
standard PLA settings and a 0.4 mm nozzle.

Shredding: The printed PLA was granulated using a ZERMA GSL-180/180 granulator, pro-
ducing flakes with an average size of 4 mm.

Pelletizing: The granulated flakes were processed through a Coperion ZSK 18 MEGAIab twin-
screw extruder. The material flow rate was set at 300 RPM, with the screw motor operating
at 120 rpm. The extruder was configured with ten heating zones, ranging from 175 °C in the
feed zone to 210 °C near the nozzle, increasing by 5 °C per zone. The nozzle temperature
was maintained at 217 °C and the extrusion pressure was 18 bar. After extrusion, the material
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Figure 3.2: Recycling process established at CHILL and NHL Stenden. The workflows of both processes
overlap at steps 3-6, where the labels |-V + 3-6 represent the steps taken at CHILL, while steps 1-6 denote
those taken at NHL. At CHILL, the materials processed included regrind PLA from ColorFabb that was
printed and recycled, whereas at NHL, PETG packaged hospital waste was utilized.

was cooled using a 20 °C water bath to ensure proper solidification and filament formation and
followed by the blow drying and pelletization step with a rate of 9 m/min.

Cleaning & drying: The pellets were dried for 1.5 hours at 80 °C using a Binder VD3 vacuum
oven to remove residual moisture.

Filament extrusion: The filament extrusion was performed using a 3Devo Precision 450 Fila-
ment Maker with the following settings: Heater 1: 180°C, Heater 2: 190°C, Heater 3: 185°C,
Heater 4: 160°C, Extrusion speed: 3.7 RPM and fan speed: 60%. The final filament was pro-
duced with a diameter of 1.75 mm. The choice of these settings was based on prior experience
with PLA recycling at CHILL.

3D printing: The filament was printed using PLA default settings on the Bambulab X1

Recycle production process of rPETg

At NHL Stenden, the recycling process utilized virgin PETg material, sourced from packaging
used for sterile hospital instruments (without adhesive borders).

Shredding: The PETg material was granulated using a GP20 Plastic Shredder Hybrid from
3Devo to prepare the material for extrusion.

Cleaning & drying: Material was dried for 4 hours at 60 ° C using a 3Devo AIRID polymer
dryer to ensure there was no moisture, which could affect the quality of extrusion.

Filament extrusion: The granulated PETg was extruded using a 3Devo Precision 350 filament
maker, with a filament diameter of 2.85 mm, the machine set to 2.82 mm for precision. The ex-
trusion settings were as follows: Heater 4: 210°C, Heater 3: 220°C, Heater 2: 230°C, Heater 1:
220°C, Extrusion speed: 6.5 RPM, Fan speed: 100%. The extrusion settings for rPETg were
based on prior research by a PhD student who optimized parameters for this material type.
3D printing:The resulting filament was printed using modified settings of the default PETg set-
ting of an Ultimaker 5S in the RadboudUMC 3D lab. Detailed protocol settings for these trials
are provided in Appendix B.

Production Metrics

Effiency Metrics To quantify the production efficiency of the recycling processes, the following
production metrics were tracked:
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» Material Loss: With the material loss, the material efficiency can be determined, as it
represents the remaining portion of the material after the process.

* Production Time: The time taken to complete each step is important for assessing op-
erational efficiency

* Production Energy: The energy consumption of each machine during recycling steps
was measured by multiplying the machine’s power rating by the time the machine oper-
ated. Measurement of energy consumption highlights the environmental and economic
impact of the recycling process.

Quality Metrics To ensure that the recycled filament was of high enough quality for applica-
tions, the following evaluations were performed:

* Filament Weight: The final weight of the filament was measured after the spooling step
to assess the material yield.

» Filament diameter upper and lower limits: For a filament to be printable, its diameter
must consistently fall within a specific range; diameters too small leads can cause under-
extrusion due to insufficient material flow, while diameters larger can result in blockages
or jamming in the extrusion system. The filament diameter was manually measured at
multiple points to determine deviations from the target diameter of 1.75 mm +- 0.05 mm
(for rPLA) and 2.85 mm +- 0.05 mm (for rPETQ).

+ Visual Inspection: Filaments were visually inspected for inconsistencies, defects, or dis-
colorations that could affect their usability.

* Printability Assessment: Filaments were tested on a Bambulab X1 Carbon 3D printer
(for rPLA) and an Ultimaker 5S (for rPETQ) to assess their printability. The successful
printing of a 3DxSplint model was used as a benchmark for this assessment.

Scaling Potential Metrics To evaluate how efficiently a process performs, on a per-unit basis
(one splint) or for larger-scale production (multiple splints):

» Time and energy per unit: The total time and energy required to produce enough fila-
ment material for a 3DxSplint (details provided in Appendix B). They were recalculated by
factoring in material losses during recycling and standardizing the output material. This
adjustment ensures an accurate scalability assessment, providing normalized compar-
isons for both time and energy that eliminate bias from differing initial volumes.

» Upscaling: Based on the recalculated values for a single 3DxSplint, an extrapolation was
performed to predict the performance of the process when scaling to larger quantities (up
ton =50). These numbers were chosen because 53,000 patients with lower arm fractures
were treated in emergency care locations. This averages to approximately 54 patients per
month per location. However, not every patient is suitable for 3D printed splint treatment,
making 50 a reasonable and manageable number to assess feasibility in Radboudumc.
The time and energy consumption for the shredding, pelletizing, and filament extrusion
steps was directly related to the volume of the material and was scaled proportionally to
the number of 3DxSplints being processed. The cleaning & drying step and the spooling
before and after the filament extrusion were considered independent of the volume of the
material.
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Table 3.1: Production metrics of both recycling processes

Production metrics

PLA recycling at CHILL

PETg recycling at PETg

Efficiency
Material loss 53.5 % 314 %
Production energy 19.6 kWh 5.4 kWh
Production time 330 min 345 min
Quality
Filament diameter range 1.6-1.82 mm 2.6-3.00 mm
Filament weight 202 g. (75m) 212 g. (48m)
Visual inspection: Diameter fluctuations Encapsulated flakes
Printability: Unsuccessful Successful
Scaling potential
Time for a 3DxSplint 149 min 283 min
Energy for a 3DxSplint 2.9 kWh 4.2 kWh

factor 10x increase

factor 3-4x increase

Upscaling

Results

The results of the metrics, efficiency, quality, and scaling potential, obtained from the rPLA and
rPETg recycling processes, are presented in Table 3.1. Production efficiency is determined
by the energy consumption, time consumption, and material loss (ML) measured for each step.
Figure 3.3 illustrates the power consumption (P), the total duration (T), and the material loss
(ML) for each phase of the process.

The key difference between rPLA and rPETg recycling lies in the filament extrusion phase. rPLA
demonstrates a two times higher ML of 49.5%, mainly due to diameter inconsistencies and re-
moval of contaminated material. In contrast, rPETg achieves a lower ML of 25.9%, thanks to
the optimized spooling time and the rapid achievement of a consistent filament diameter. This
optimization resulted in a one hour shorter extrusion time.

Additional ML for rPLA were observed during pelletization (5.6%) and shredding (2.3%). These
phases involved the formation of dust, the escape of flakes, and residual material. The pel-
letization was an additional step compared to the rPETg process. This required more time (75
min) and energy (14.75 kWh), making it the most energy-intensive step. In contrast, rPETg
experienced higher losses in shredding (6.81%) but minimal losses in the cleaning and drying
phase (0.65%). However, this final step for rPETg was the most time consuming (4h), requiring
an additional 2.5h compared to rPLA, where the duration was reduced due to time constraints.
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(a) This figure illustrates the recycling process for rPLA at CHILL, showing each recycling step: 1) Shredding, 2)
Pelletizing, 3) Cleaning and Drying, and 4) Filament Extrusion. The power consumption (P), total duration (T), and
material loss (ML) percentage are provided for each step. The produced filament is depicted at the end of the
process.
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(b) This figure presents the recycling process for rPETg at NHL, with the steps: 1) Shredding, 2) Cleaning and
Drying, and 3) Filament Extrusion. For each step, the power consumption (P), total time (T), and material loss (ML)
percentage are shown. The produced filament is depicted at the end of the process.

Figure 3.3: Comparison of Recycling Timelines, Duration, and Energy Consumption for rPLA and rPETg
recycling processes at NHL and CHILL.

A total of 220 grams (75 meters) of rPLA filament was produced, compared to 212 grams (48

meters) of rPETg filament. The quality of the rPLA filament exhibited a consistent round shape
with visible fluctuations in diameter. The filament was tightly packed; no air bubbles, moisture,
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or dust were present. The rPETg filament showed a constant diameter and encapsulated flakes
were observed. No dust or air bubbles were detected.

For the printability assessment, rPLA was unsuccessful. Issues such as nozzle clogging and
filament inconsistencies were encountered, leading to print failures on the Bambu Lab printer
when using default PLA settings. For rPETg, the printability assessment was successful; how-
ever, there were some extrusion errors caused by encapsulated flakes, which led to nozzle
blockages and inconsistent material flow. In Figure 3.4, the successful 3DxSplint printed with
rPETg material is displayed.

Figure 3.4: The 3DxSplint printed without support structures using recycled PETg material on an Ulti-
maker S5, employing generic PETg print settings and a print temperature of 230°C

The 3DxSplint requires 43 grams of material to print the design with Ultimaker S5 (design in
figure 3.4). Taking into account material losses in recycling processes, rPLA incurs a total loss
of 53.5%, requiring 92.4 grams of material to produce 43 grams of filament. In contrast, rPETg
has a total loss of 31.4%, which requires 62.7 grams of material to produce the same filament.
Following this, the total processing time and energy consumption for each material were calcu-
lated to produce one 3DxSplint (shown in figure 3.5). For rPLA, the total processing time was
updated to approximately 148.69 minutes (approximal 2.5 hours), In contrast, the processing
time for rPETg was determined to be approximately 283.14 minutes (or 4.7 hours). The total
energy consumption of rPLA after reanalysis was 2.9 kWh, with the cleaning and drying step
accounting for 46% of this total. In contrast, the rPETg recycling process consumed 4.2 kWh,
with 81% of the energy attributed to the cleaning and drying step.
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Recycling process for creating enough material for one 3DxSplint
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Figure 3.5: Stacked bar plot depicting the energy consumption and processing time associated with
each step of the recycling process, calculated for the production of a single 3DxSplint, with distinct data
presented for rPLA and rPETg

The stack bar graphs (Figures 3.6, 3.7) illustrate how time and energy consumption evolve as
the number of splints increases both rPLA and rPETg. For the rPETg recycling process, pro-
ducing enough material for 50 splints requires approximately three times the time consumption
and four times the energy compared to producing material for a single splint. In contrast, the
rPLA recycling process requires ten times more time and energy to generate sufficient material
for 50 splints. The filament extrusion step exhibits the greatest increase in both time and energy
consumption as the number of splints increases, especially considering the fixed spooling time.
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Energy and Time consumption in upscaled rPLA recycling for multiple splints
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Figure 3.6: Stacked bar plot showing the expected time and energy consumption for each step of the
rPLA recycling process when upscaled to produce multiple 3DxSplints. The plot includes the total con-
sumption for varying quantities of splints (n = 1 to 50), highlighting the impact of scaling on time and
energy requirements across the shredding, pelletizing, cleaning/drying, and filament extrusion steps.

Energy and Time consumption in upscaled rPETg recycling for multiple splints
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Figure 3.7: Stacked bar plot illustrating the anticipated time and energy usage for each stage of the
rPETg recycling process when scaled up for the production of multiple 3DxSplints. The chart displays
the total consumption for different quantities of splints (n = 1 to 50), emphasizing how scaling influences
the time and energy demands in the shredding, cleaning/drying, and filament extrusion stages.
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Discussion

This investigation evaluates material quality, production efficiency, and scalability to determine
whether the recycled PLA and PETg process can meet the demands of clinical 3D printing.
The findings suggest that, while both materials have potential, the PETg recycling process in
NHL shows better efficiency and scalability. Furthermore, the quality of the rPETg filament was
sufficient for the 3D printing of a splint, making it a more viable option for clinical applications.

Based on the results obtained from this study, rPLA does not appear to be a feasible option to
integrate the recycling process. Both recycling processes were expected to meet the quality
demand; however, the primary challenge observed was related to the equipment used. At the
CHILL location, numerous issues arose with the 3Devo filament maker, and the absence of a
backup system limited the options to address these challenges. This equipment became a sig-
nificant bottleneck, consuming considerable time and material resources. According to 3Devo,
PLA is recyclable but suggests using small shredding pieces using the GP20 shredder & Gran-
ulator before the filament extrusion step [88].

The recycling process efficiency was also expected to increase as the volume increased. This
was experienced with the process. During the pelletization step, material loss could decrease
with increased volumes due to the fixed volume of material required to fill and spool the screw.
Similarly, the volume needed and the time for spooling remain constant with each startup for the
3devo filament maker. It would be ideal if every step could run for longer periods. This would
minimize material loss, spooling time, and eventually production efficiency.

For rPETg, the production of filament for multiple splints required approximately three times the
time and energy of the production of a single splint, whereas rPLA requirements increased ten-
fold, pointing to greater energy and resource efficiency in rPETg. This is due to the optimized
protocol at NHL scaling up production with rPETg, which is likely to result in more energy and
resource savings. These advantages highlight the potential of rPETg as a sustainable mate-
rial choice for high-demand manufacturing environments, where energy efficiency and process
consistency are paramount for both economic and environmental reasons. In contrast, rPLA
recycling was in earlier phases at CHILL, where filament production equipment was less fre-
quently used, and was shorted in the drying step because of time constraints. This underscores
the need for expertise and optimized protocols before it has scalability potential.

The rPLA filament produced at CHILL measures 1.75 mm, which is incompatible with the current
2.85 mm RadboudUMC printers. This diameter was chosen because extrusion and diameter
consistency were better than trying to achieve this with a 2.85 mm filament. In addition, this
Bambu Lab X1 Carbon printer is better equipped to adjust the extrusion flow from the nozzle.
If it detects a slightly larger or smaller filament diameter, the flow rate is automatically adjusted.
However, this adjustment only works effectively if the diameter is consistently smaller than or
larger than 1.75 mm. It cannot handle fluctuations that alternate between being larger and
smaller. The Bambu Lab, already tested in this process, is a promising option. It can print a
splint in approximately 1 hour and 19 minutes, faster than the 6 hours and 37 minutes required
on the current Ultimaker S5 from RadboudUMC [89]. Equipped with advanced features, includ-
ing active vibration compensation for high accuracy and smooth prints, the Bambu Lab printer
offers improved efficiency, allowing faster delivery of custom splints and improving patient care,
making it a valuable investment for RadboudUMC.
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Limitations

A limitation of this study is the difference in the locations and equipment used for recycling
processes, making a direct comparison difficult. At CHILL, the 3Devo filament maker was un-
derutilized and lacked optimization due to inexperience, while at NHL, the process was refined
and optimized by an experienced PhD researcher. These variations in equipment use and ex-
pertise may have influenced the results and should be considered when comparing the two
recycling methods.

The extrapolation for the scalability assessment of multiple splints for rPETg and rPLA were
based on data from a single recycling process. This limitation may influence the accuracy of
the calculations as it assumes that the conditions and efficiencies observed in the production of
one splint will remain consistent when scaling up. Variations in material quality, machine perfor-
mance, or process optimization on larger scales could lead to deviations from the extrapolated
results, affecting the reliability of the scalability assessment.

Another limitation of current recycling processes is the need for close monitoring during the fil-
ament extrusion step. This step requires continuous oversight to ensure that the material flow
rate is consistent, that there are no issues with the filament spooling process around the spool,
and that there is an adequate supply of material in the feeder. These factors must be carefully
checked to avoid interruptions or inconsistencies in filament production. However, if the pro-
duction process was to be scaled up, the need for prolonged monitoring would become a major
challenge, as it would require more time and attention. This level of oversight is not the most
practical solution for large-scale or continuous production, as it adds logistical complexity and
increases labor demands.

The rPET(g filament production process reveals limitations that impact the suitability of recycled
filaments for 3D printing splints. When comparing printability with earlier batches of recycled
PETg made at NHL, adjusting the settings for each new batch was necessary, highlighting
inconsistencies in filament quality. Although 3D printed splints can be made with recycled PETg
material, the current production process makes it difficult to produce high-quality and reliable
filaments in every recycling phase.

Future research

To enhance the effectiveness and sustainability of the recycling process for rPLA and rPETQg,
optimizing filament production is essential. This involves determining the optimal volume of
material that should be recycled in a single batch to minimize material loss during the extrusion
process. Specifically, it is crucial to identify a threshold volume that allows material loss reduc-
tion to its lowest possible level while avoiding the inefficiencies associated with recycling over
multiple days.

To enhance the production of printable filament from rPLA in future iterations, some recom-
mendations should be considered. First, extend the drying step, since a longer drying duration
will effectively remove moisture, which is important for improving filament quality and ensuring
successful printing. Second, incorporating 3DevoVision software for real-time monitoring of fil-
ament diameter would enable immediate adjustments, fostering greater consistency in filament
quality, which is necessary for reliable 3D printing.

Furthermore, future research should compare the energy consumption and production time of
1.75 mm and 2.85 mm FDM 3D printers for printing splints, while also determining the quality
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of the prints. This study would help identify the most efficient filament size for producing high-
quality medical splints quickly, balancing sustainability with the need for timely patient care.
Additionally, it would assess whether a 1.75 mm printer would be a good investment for the 3D
lab at Radboudumc to print 3DxSplints in the future.

Additionally, it is imperative to investigate whether recycled rPETg and recycled PLA meet the
immobilization requirements for 3D printed splints. Mechanical testing is recommended to eval-
uate its suitability. By addressing these considerations, the overall efficiency and applicability
of the recycling process can be improved, ensuring that the materials produced meet the nec-
essary performance standards, while also being economically viable.

Conclusion

This study evaluated the feasibility of integrating rPLA and rPETg for the production of 3DxS-
plints. The comparison between the recycling processes of rPLA at CHILL and rPETg at NHL
highlighted notable differences in efficiency, quality, and scalability. PLA recycling struggled
with significant material losses and high energy consumption, though it was slightly faster in
production. PETg was shown to be more efficient with lower material losses and energy re-
quirements despite taking slightly longer to process. In terms of quality, PLA filament exhibited
inconsistent diameters, leading to unsuccessful printing, while PETg maintained better diameter
stability, resulting in successful printability despite some visual imperfections. Scalability anal-
ysis showed that, when normalized for a single 3DxSplint, PLA consumes less time and energy
than PETg. This makes PLA seem more efficient for producing individual units. However, when
the production process is scaled to support multiple splints, the inefficiencies of PLA become
apparent. Due to its time and energy demand, PLA recycling increases significantly more than
PETg recycling, which remains more stable and reliable under higher production volumes. This
disparity highlights PETg recycling as a more efficient and practical option for upscaling and in-
tegration in the production of 3DxSplints. More research is needed to optimize the consistency
of the filament and scalability of the processes to explore the potential of a circular economy.
In addition, mechanical testing of the recycled filaments is essential to confirm their suitability
for 3D printed splints.
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4 MATERIAL TESTING

Introduction

The chapter 3 underscores the potential of using rPLA and rPETg in 3DxSplint production. Be-
fore adopting a local recycling cycle for materials used in the production of the 3DxSplint, it is
crucial to assess the mechanical properties of the recycled materials. For these recycled ma-
terials to be suitable, they must exhibit mechanical properties similar to ST45 or at least show
predictable changes in mechanical properties, ensuring that they provide support, protection,
and durability (immobilization of the lower arm fracture) for the 3DxSplint as stated in Figure 2.2.
Mechanical tests like tensile and impact tests are important because they evaluate the influence
of recycling on material properties and assess whether recycled materials can be suitable al-
ternatives to the ST45 material currently used in the 3DxSplint.

To date, most technical data sheets (TDS) for 3D printing materials present mechanical prop-
erties based primarily on injection-molded specimens, as required by standardized testing pro-
tocols such as ISO and ASTM [90, 91]. These standards specify that mechanical properties
should be measured using injection-molded samples to ensure consistency and comparability
between materials and testing methods. However, for 3D printing applications, it is more rele-
vant to assess material properties based on printed specimens rather than molded samples, as
the specific characteristics of the printing process, including layer adhesion, anisotropy, and sur-
face finish, significantly influence the final mechanical properties. Gardan (2016) underscores
that additive manufacturing introduces unique variables not present in traditional manufacturing,
highlighting how parameters such as print orientation, layer thickness, and infill density affect
part performance and durability in ways that standardized molding processes do not account
for [92]. A review of the literature suggests that these materials may perform better in specific
categories than initially scored based on technical data sheets of only one available material
[72].

Manufacturers are adapting their testing approaches to better align with the unique properties
of 3D printing. For example, companies such as Ultimaker provide mechanical property data
for specific print orientations, allowing users to understand how strength and durability vary ac-
cording to the orientation of parts during printing [93]. ColorFAbb offers comprehensive data
that include injection-molded and 3D printed specimens, providing a broader perspective on
material performance under different manufacturing conditions [87].

The primary objective of this study is to evaluate the mechanical properties of virgin and recy-
cled PLA and PETg compared to ST45, the resin material currently used in 3D printed splints.
Furthermore, the study seeks to assess how the recycling process impacts the mechanical
properties of these materials. This is framed by the following research question.

Research Question:

How do the mechanical properties of virgin and recycled PLA and PETg compare with the me-
chanical properties of ST45 resin, and what is the influence of recycling on the performance of
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PLA and PETg?

Hypothesis:

Recycled PLA and PETg will exhibit lower mechanical performance compared to their virgin
counterparts due to material degradation during the recycling process. However, rPLA is ex-
pected to demonstrate mechanical properties more comparable to those of ST45 resin than
those of rPETg, positioning it as a closer sustainable alternative for applications in the 3DxS-
plint. Both recycled materials, despite their reduced performance, will show sufficient potential
to serve as sustainable options.

Method

The materials used include the current material in the splint, the virgin options of PLA and
PETg, and the recycled material. The rPETg is made from the recycling process analyzed in the
previous study at NHL Stenden. The choice of virgin materials manufacturers was determined
by the availability of filaments in the 3D lab at Radboudumc, rather than any other specific
reason.

« Ultracure3D® ST45 B: Available by BASF, ST 45 produced by Forward AM, is a reac-
tive urethane photopolymer developed for tough applications that require an exceptional
combination of mechanical strength, long-term toughness, and impact resistance [8]. This
material can be printed using stereolithography, digital light processing, or liquid crystal
display machines. This material is the reference material in this study, as it is currently
used in the 3DxSplint at RadboudUMC [7],[12].

« Ultrafuse® PLA: For a virgin material, we can compare the recycled data with the PLA
produced by forward AM and available by BASF. PLA is the most used print material, since
its plant-based origin and has a high printing speed, combined with low warping and sharp
corners [94].

» ColorFabb PLA Regrind: PLA Regrind is manufactured entirely from postproduction
waste generated during the extrusion of colorFabb’s high-quality printing filaments. The
production team carefully collects and segregates PLA filament that does not meet the
specifications, which is then processed internally to produce the recycled PLA regrind
[87].

« Ultimaker® PETg: This is the virgin material with which we compare the mechanical
properties of the recycled PETg material. PETg is a good all around material and is more
heat resistant and chemical resistant than PLA and easy to use [93].

» Hartplastic rPETg: The recycled PETg material comes from clean PETg waste col-
lected from Leeuwarden Hospital, then recycled once and manufactured at NHL Sten-
den Hoggeschool in collaboration with Hartplastic [95], a start-up company based in The
Netherlands.

» Hartplastic rPETg 2th cycle: The recycled PETg material comes from earlier recycled
PETg collected, then recycled a 2nd time and manufactured at NHL Stenden hogeschool
in collaboration with Hartplastic [95], a start-up company based in the Netherlands.

Tensile testing

The tensile test aims to quantify the mechanical properties of materials by measuring key pa-
rameters, including the following:
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+ Ultimate Tensile Strength (UTS): This is the maximum stress a material can withstand
while being stretched before it fractures. Provides information on the load bearing capacity
of the material.

* Young’s modulus (E-modulus): This parameter measures the stiffness of a material, indi-
cating its ability to resist deformation when subjected to stress. A higher Young’'s modulus
means a stiffer material.

These parameters help to evaluate the mechanical performance of materials intended for use
in the 3DxSplint. Tensile testing was performed according to ISO 527-1, which provides the
framework for measuring these parameters of plastics [90].

According to this standard, specimens should be prepared by injection molding to achieve uni-
formity and reproducibility in mechanical testing. However, this study deviated from the ISO
527-1 standard, as the specimens were printed (shown in Figure 4.1). This choice was made to
align with the print materials and processes specific to the 3D printing of the 3DxSplint, though
it may introduce variability in the results compared to those from some manufacturing TDS. The
tensile properties of the ST45 TDS of the manufacturer BAS-F uses ASTM D638, but the TDS
of PLA BAS-F uses ISO 527. Whereas Ultimaker uses ASTM D3039 for PETg, colorFabb uses
ISO 527-1A. Compared to ISO 527, ASTM D638 is comparable as both use similar dumbbell-
shaped specimens and assess plastics under tension. Differences arise in the dimensions and
preparation of the specimen, which might slightly affect the results. The ASTM D3039 is not
directly comparable due to the different shapes of the specimen and its focus on composites
rather than thermoplastics.

Type 1A specimens were printed with the following dimensions, as illustrated in Figure 4.1b and
detailed in Table 4.1.
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(a) Type 1A tensile test specimen according to ISO 527-1.

(b) Printed version of the tensile test specimen, with zig-zag pattern and 100% infill, 5
were printed next to each other for the test.

Figure 4.1: Tensile test specimens: dimensions and printed version.

Table 4.1: Dimensions of Specimen Type 1A according to ISO 527-1 and printing parameters

Dimension Specimen Type 1A
Overall length (I3) 170 mm
Length of narrow parallel-sided portion (I;) 80 +£2 mm
Radius () 24 +1 mm
Distance between broad parallel-sided portions (I5) 109.3 £ 3.2 mm
Width at ends (bs) 20.0£0.2 mm
Width at narrow portion (b1) 10.0 £ 0.2 mm
Preferred thickness (h) 4.0+ 0.2 mm
Gauge length (L, preferred) 75.0 £ 0.5 mm
Gauge length (acceptable if required for quality control or when specified) 50.0 £ 0.5 mm
Initial distance between grips (L) 115+ 1 mm
Printing Parameters Value

Infill Density 100%
Layer Height 0.15 mm
Nozzle Diameter 0.4 mm
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The printing process involved fabricating a minimum of five specimens concurrently for each
material category, including virgin PLA, ST45, and virgin PETg. All specimens were printed
witch the dimensions and settings as described in table 4.1. Detailed printing settings are avail-
able in Appendix C, the printers utilized were Ultimaker S5 and Bambu Carbon X1. The printing
parameters were meticulously optimized for each material to ensure consistency and quality
across the resultant test specimens.

Tensile testing was performed using the Zwick/Roell Z020 tensile testing machine. The test-
ing protocol involved a crosshead speed of 50 mm/min, with data acquisition occurring at a
frequency of 10 Hz via the Zwick TestXpert Il V3.71 software according to ISO 527-1. The sam-
ples were tested without prior conditioning and all experiments were performed in a controlled
laboratory environment to mitigate the influence of external variables. The calibration of the test
machine was performed before each session to ensure the precision of the measurement and
of each specimen, the thickness (h) and width (b1) were measured. The software calculated
the following mechanical properties:

Young’s modulus is calculated from the slope of the stress-strain curve in the elastic region:

_AU

==
Ae

3)
Where:

* Eis Young’'s modulus in megapascals (MPa);

» Ao is the change in stress (in MPa);

* Ac is the change in strain (dimensionless), calculated as:

AL

Ae = ——
€ LO

(4)

with AL being the change in length (in millimetres) and L, being the original gauge length
(in millimetres).

The ultimate tensile strength is calculated as:

Fm(lz
Ao

(1)

ouTs =

Where:
* oyrs is the ultimate tensile strength in megapascals (MPa);
* Fqz is the maximum force (in newtons) applied to the specimen at the point of fracture;

» Ay is the original cross-sectional area (in square millimetres) of the specimen, calculated
as:
Ag=by xXh (2)

Impact test

The impact test is essential for assessing the resistance of the material to sudden and forceful
impacts, which is crucial for applications such as 3D printed splints. The primary parameter
measured during this test is the following.

30



» Impact Strength: This is defined as the energy absorbed per unit cross-sectional area of
the specimen, indicating the material’s toughness and its ability to withstand abrupt forces
without fracturing.

For 3D printed splints, high impact resistance is vital to ensure the splint can endure acciden-
tal knocks and impacts during daily activities, thus ensuring the reliability and durability of the
splint in real-world conditions and providing continuous protection and support to the patient.
The impact test is conducted according to ISO 179-1 [96], which specifies the procedure for
measuring the impact resistance of materials using notched specimens. Type 1A test speci-
mens were printed for the impact test, as illustrated in Figure 4.2a without notch and detailed in
Table 4.2. The specimens were notched using the Zwick/Roell ZNO notch machine with type
A notches (available at the testing facility). The printing parameters for each material were op-
timized to ensure uniformity and quality in all samples. A minimum of 10 samples per material
were prepared without conditioning before testing.

The impact energy values from the manufacturer’s TDS for the materials show varying degrees
of comparability to the ISO 179-1 Type 1A test. For ST45, which uses ISO 179-1, the TDS
value is directly comparable, provided the same Type 1A notch is used. However, Ultimaker
PETg uses ISO 179-1 with a Type B notch (radius of 1.00mm compared to 0.25mm for Type
1A), which could significantly affect test results, making any comparison more qualitative than
quantitative. On the other hand, BASF’s PLA, tested under ISO 179-2, is not comparable since
ISO 179-2 involves instrumented testing that measures dynamic properties during impact, which
differs fundamentally from the non-instrumented ISO 179-1. Lastly, for Colorfabb regrindPLA,
the specific ISO 179 substandard and notch type are not mentioned; therefore, it is difficult to
compare them.

45° #1°

a) Type A

Radius of notch tip
ry=(0,25+0,05) mm

(b) Charpy Impact printed specimen, without notch.
Printed with 100% infill and zigzag pattern. The
(a) Charpy Impact Test Specimen 1A according to specimens were printed next to each other for the
ISO 179-1, where 1 is the angle of the impact load. test.

Figure 4.2: Difference between the ISO standard specimen and the 3D printed specimen without a
notch.
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Table 4.2: Dimensions and Specifications of Charpy Specimen Type 1A according to 1ISO 179-1 and
printing parameters

Dimension Specimen Type 1A
Length () 80 £2 mm
Width (b) 10.0 £ 0.2 mm
Thickness (h) 4.0£0.2mm
Span (L) 62 mm

Notch Tip Radius (ry) 0.25+£0.05 mm
Remaining Width (by) at Notch Tip 8.0 £ 0.2 mm
Printing Parameters Value

Infill Density 100%

Layer Height 0.15 mm
Nozzle Diameter 0.4 mm

The Charpy impact test was performed using the Zwick/Roell HIT5.5P impact machine accord-
ing to ISO 179-1/1eA standards. A 1 J pendulum was used to measure the impact strength,
which was calculated from the absorbed energy. The Charpy impact strength of the notched
specimens, a.y, is calculated with the Zwick testXpert 1l software using the equation:

— We 3
acN—<hXbN>><10 (2)

Where:
* acy is the Charpy impact strength, in kilojoules per square metre (kJ/m?2);
» W, is the corrected energy, in joules, absorbed by breaking the test specimen;
* h is the thickness, in millimetres, of the test specimen;

* by is the remaining width, in millimetres, of the test specimen;

Data processing

Given the small sample size and the assumption of nonnormal distribution in the data, nonpara-
metric tests were selected to ensure robust comparison between groups. To verify the data
tested with the properties indicated in the TDS, the properties of the tested material were com-
pared with the manufacturer’s TDS values (only comparable ones) using the Wilcoxon signed
rank test with a significant level of « = 0.05. The observed differences and similarities provide
important information on the accuracy and applicability of the TDS data in real world scenarios.
To compare the ST45 values tested with recycled materials, the Kruskal-Wallis test was used
to assess differences, while the Mann-Whitney U test was applied for pairwise comparisons
between ST45 and rPLA or rPETg. For recycling comparisons, the Kruskal-Wallis test was
also used to assess differences in material properties across multiple recycling cycles, while
the Mann-Whitney U test was applied for pairwise comparisons between virgin and single-cycle
recycled materials. Statistical analysis was used with the R version 4.4.1 software.

Results

Table 4.3 presents the test results from the tensile and Charpy impact tests along with the
manufacturer’s TDS values and the p-values of the Wilcoxon signed rank tests of comparable
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values. In Figure 4.3 the tested values are presented in boxplots and a stress strain graph of
the average curve per material.

Table 4.3: Mechanical properties of materials with test and TDS values and p-values from Wilcoxon
signed-rank tests (a = 0.05) from the manufacturers TDS which used ISO 527 and ISO 179-1/1eA.**No

TDS available of 3D print material.

Material Test Parameter Test Result | TDS | P-value*
Impact energy [kJ/m?] 3.06+0.11 | 2.6 0.006
BAS-F® ST45 B Young’s modulus [MPa] | 2050 +47 | 2000 0.12
Tensile strength [MPa] 58.7+1.2 53 0.06
Impact energy [kJ/m?] 282+043 | 25 -
BAS-F® PLA Young’s modulus [MPa] | 3006 + 33 | 2308 0.06
Tensile strength [MPa] 514 +1.1 34.7 0.06
Impact energy [kJ/m?] 3.08+0.26 | 2.9 0.037
ColorFabb PLA Regrind Young’s modulus [MPa] | 3050 £48 | 3150 0.008
Tensile strength [MPa] 54405 53 0.008
Impact energy [kJ/m?] 217+06 | 7.9 -
Ultimaker® PETg Young’s modulus [MPa] | 1289 +41 | 1939 -
Tensile strength [MPa] 286+0.7 | 38.5 -
Impact energy [kJ/m?] 3.00 + 0.91 - -
Hartplastic rPETg (1st Cycle)** | Young’s modulus [MPa] | 1293 £ 22 - -
Tensile strength [MPa] 27907 - -
Impact energy [kJ/m?] 1.75 £ 0.54 - -
Hartplastic rPETg (2nd Cycle)** | Young’s modulus [MPa] - - -
Tensile strength [MPa] - - -

E-modulus

In Figure 4.3a, we observe similar E-modulus values between virgin and recycled materials for
both PETg and PLA. The comparison between PETg and rPET(g yields a p = 1, indicating that
there are no statistically significant differences between the two materials in the E-modulus. Fur-
thermore, the comparison between PLA and rPLA shows also no significant difference p = 0.07
for the E-modulus. This is also visible in the stress-strain curve in Figure 4.3d, where the slopes
of recycled and virgin material follow the same pattern.

The difference for the E-modulus between rPLA and ST45 was significant before adjustment,
but after Bonferroni correction, the result is not significant (adjusted p = 0.08. Similarly, the
difference between rPETg and ST45 was significant before adjustment, but after Bonferroni
correction, it was not significant (adjusted p = 0.12).

Tensile strength

Figure 4.3b shows similar box plots of PETg and rPETg, however, a p-value of 0.04, suggests a
small statistically significant difference between rPETg and PETg. This indicates that the tensile
strength of rPETg is significantly higher than that of virgin PETg.

Both virgin and recycled PLA exhibited high initial stiffness, reflected in the values of the E mod-
ules, with rPLA closely resembling the mechanical behavior of vPLA, although with a significant
difference in the tensile strength p < 0.05 (shown in figure 4.3d). Virgin PLA showed a signifi-
cantly lower tensile strength, reaching the fracture point shortly after giving compared to rPLA.
In contrast, vPETg displays a notably lower Young’s modulus compared to PLA types, indicating
less stiffness. Like PLA, vPETg and rPETg reached their fracture point soon after yielding.
The difference in tensile strength between Regrind PLA and ST45 was significant before ad-
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Figure 4.3: Comparative analysis of E-modulus, tensile strength, impact energy, and stress-strain be-
haviour for ST45, PLA, rPLA, PETg, and rPETg materials.
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justment, but after Bonferroni correction, the result is not significant (adjusted p = 0.08). The
difference between rPETg and ST45 was highly significant both before and after Bonferroni cor-
rection p < 0.001, indicating a strong difference in tensile strength between these two materials.

Impact Energy

Figure 4.3c illustrates the high standard deviation in impact energy, indicating that the mea-
sured values varied significantly between different samples of the same material, suggesting
inconsistencies in performance. In particular, there is a significant difference in impact energy
between PETg recycling cycles (p < 0.05). The results of Dunn’s test indicate that rPETg from
the first cycle has significantly higher impact energy compared to rPETg from the second cy-
cle (p = 0.01). vPETg shows significantly lower impact energy than rPETg from the first cycle
(p = 0.03), however vPETg in comparison with rPETg from the second cycle there is no statis-
tically significant (p = 0.32) difference. That suggests that the first cycle of PETg recycling has
an increase in performance, but after that first cycle it decreases significant.

Furthermore, the comparison between virgin PLA and rPLA shows a p-value of p = 0.09, sug-
gesting that while there is a trend towards a difference, it is not statistically significant.

The Kruskal-Wallis test for impact energy showed no significant differences between ST45,
rPLA, and rPETg (1st cycle), with a p-value of 0.36.

Discussion

This study evaluated the mechanical properties of PLA and PETg recycling compared to ST45
and also the influence of recycling on the performance of these materials. The results indicate
that recycled PETg and PLA exhibit mechanical properties similar to those of virgin counterparts.
This contrasts with the initial hypothesis that recycled materials would show lower mechanical
performance due to degradation during the recycling process. Specifically, there were no sig-
nificant differences in the E-modulus between virgin and recycled materials, suggesting that
recycling does not affect the stiffness of these materials as expected. Tensile strength was ex-
pected to be lower in recycled PETg, and indeed, recycled PETg shows a slight decrease in ten-
sile strength compared to virgin PETg. However, recycled PLA demonstrates tensile strength
comparable to that of virgin PLA, with only minor variations observed, which was somewhat
expected. In terms of impact energy, recycled PETg and PLA perform similarly to their virgin
versions, with some variations observed across different cycles of recycled PETg.

Regarding the comparison between recycled materials and ST45, the values of the E mod-
ule are similar to ST45, with no significant differences found. This aligns with the expectation
that recycled PLA could perform similarly to ST45 in terms of stiffness. However, the tensile
strength results were less aligned with the hypothesis. rPETg showed a significantly different
strength than ST45, while the tensile strength of recycled PLA was similar to that of ST45 after
adjustment. This suggests that rPLA may be a more promising alternative to ST45 than rPETg,
aligning with the initial expectation of material selection in chapter 2. Finally, in terms of impact
energy, there were no significant differences between ST45 and recycled materials, suggesting
that recycled PETg and PLA have sufficient potential to serve as sustainable options, as initially
predicted, despite some performance variations.

Overall, while the recycled materials did not show the expected degradation in mechanical per-
formance, the differences in tensile strength and impact energy suggest that recycled PLA may
be a more viable sustainable alternative to ST45 compared to recycled PETg, although both
recycled materials demonstrate sufficient potential for use in sustainable applications such as
the 3DxSplint.
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Statistical tests revealed significant differences between the impact energy data from the TDS
and the actual values tested for ST45 and regrindPLA. This discrepancy indicates that the TDS
values may not fully capture the variability introduced by factors such as processing conditions,
material history, and environmental factors. Specifically, for impact energy data, the observed
differences highlight how real-world applications may present challenges not taken into account
in controlled TDS tests.

In contrast, the tensile test results for BASF materials, ST45 and PLA, did not show significant
differences compared to the TDS values. This suggests that the tensile properties of BASF’s
virgin materials can be reliably predicted using the TDS values. However, for regrindPLA, a
significant difference was observed. This finding underscores that recycled materials may not
perform as expected based solely on TDS data, highlighting that TDS values may not fully ac-
count for the variability inherent in recycled materials.

Design modifications can enhance the tensile properties of rPETg, making it more suitable for
3D printed splints. Increasing the thickness of critical sections can improve the ability of the
material to withstand tensile forces, reducing the likelihood of failure. In addition, minimizing
the size and number of holes in the design or strategically reinforcing areas around these holes
can prevent stress concentrations that weaken the structure. Adjusting the infill pattern and
density, such as using grid or triangular designs, further enhances stiffness and stress distribu-
tion. Aligning the layer orientation with the applied stress and using smaller layer heights can
also improve interlayer bonding. These strategies allow for the optimization of the mechanical
performance of rPETg while retaining the benefits of using a sustainable material.

The difference in performance of virgin PLA and rPLA may have been affected by differences in
printer technology and material composition. Virgin PLA samples were printed using a Bambu
Lab printer, while regrind PLA was printed on an Ultimaker. Variations in printing speed, nozzle
design, and cooling systems between these printers could affect the mechanical properties of
printed materials. Additionally, the virgin PLA used was a blend of different premium filaments
from a different supplier than BAS-F where the virgin PLA was from. These differences in printer
and raw materials likely influenced the results, beyond the recycled or virgin nature of the PLA.

Limitations

A limitation of this study is that the aim was to include data from the second cycle rPETg; how-
ever, due to a printer error and limited available filament, the tensile bars did not meet the
ISO-standard dimensions of 4 mm thick and were thus excluded from the results. Notably,
while the impact specimens for this batch were successfully printed with the same settings, the
tensile bar geometry proved less forgiving, highlighting that different filament spools and thus
batches may require more specific adjustments when using recycled materials.

Another limitation of this study lies in the use of different sources of virgin and recycled mate-
rials, which may have influenced the observed differences between their mechanical proper-
ties. Specifically, the virgin PETg used as a reference for comparison with recycled PETg was
sourced from Ultimaker. Since there was no available 3D print material from the virgin material
used in rPETg from NHL. Similarly, for PLA, the virgin material was sourced from BASF and the
recycled PLA was obtained from ColorFabb, each manufacturer employing different processing
methods and formulations. These manufacturing variations could result in subtle differences
in the properties of the material, independent of the recycling process itself. As a result, some
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of the observed differences or similarities between virgin and recycled materials may not only
reflect the effects of recycling but could also be attributed to inherent variations in material com-
position or processing methods.

In the process of producing the rPETg filament described in Chapter 3, a printable filament was
successfully made from the first cycle. However, differences in print settings between filaments
from the first and second cycles were necessary to ensure printability. These variations in the
print temperature and speed settings could have influenced the mechanical properties of the
printed material. As a result, direct comparisons of different cycles of rPETg are challenging
and may reflect not only the material properties but also the influence of different process pa-
rameters.

Future research

Future research should focus on investigating the mechanical properties of rPETg and rPLA
over multiple recycling cycles, using the same base materials processed throughout. This would
provide a more accurate picture of how recycling affects the material and help determine the
maximum number of cycles that these materials can undergo before their mechanical proper-
ties degrade beyond usability.

Evaluate the impact of design modifications on the 3D printed splint, such as varying thickness,
infill patterns, and hole placement, in biomechanical tests. This can provide insights into opti-
mizing 3D printed designs to enhance the mechanical performance of recycled materials.

Establishing precise mechanical performance requirements for materials in medical applica-
tions, particularly bone immobilization in fracture treatment, is essential. Although current stan-
dards are based on ST45, this material may not be the ideal benchmark for medical splints and
similar applications. Research should investigate which specific mechanical properties, such
as stiffness, tensile strength, and impact resistance, are crucial to minimizing micro-movements
in fractured bones, as such motion can hinder effective healing.

Conclusion

This study evaluated the mechanical properties of recycled PLA and recycled PETg over dif-
ferent recycling cycles and compared to the ST45 reference. The results show that rPLA and
rPETg did not show statistically significant differences in terms of impact energy, E-modulus and
tensile strength compared to ST45. However, rPETg showed a statistically significant deviation
in tensile strength. The findings of the recycling cycles revealed that there were no statisti-
cally significant differences in the E-modules between the virgin and recycled samples for both
materials. However, the tensile strength showed a notable increase for the recycled materials
compared to their virgin counterparts, highlighting potential benefits of the recycling process for
this property. For impact energy, rPLA did not show significant differences compared to virgin
samples, indicating that its resilience remains consistent throughout the cycles. In contrast,
rPETg displayed a significant increase in impact energy after the first recycling cycle but ex-
perienced a marked decrease in the second cycle compared to virgin samples. This suggests
that while rPETg may initially benefit from recycling in terms of impact performance, subsequent
cycles could compromise its mechanical integrity. The results underscore the importance of un-
derstanding the impact of recycling on mechanical properties, as these effects follow patterns
that can influence material selection and design considerations across multiple recycling cycles.
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The findings indicate that recycled PLA, with a performance comparable to ST45, holds promise
as a viable material for wrist splints, especially when combined with careful design optimization.
For rPETg, design modifications such as increasing thickness or optimizing infill patterns could
mitigate its reduced tensile properties and expand its applicability.

Looking beyond this chapter, the study suggests that both materials and their recycling pro-
cesses could be adapted to produce durable and sustainable medical devices. Future research
should explore material performance across additional recycling cycles to confirm long-term
suitability and refine recycling techniques for even greater consistency.
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5 DISCUSSION

This research focused on identifying and evaluating sustainable alternatives to the non-recyclable
and nonbiodegradable ST45 print material, currently used for 3D printed patient-specific splints.
Through a systematic review of the literature and an MCDA, PLA and rPETg were selected as
the most suitable sustainable candidates. By examining both the manufacturing process of re-
cycled filament and its mechanical properties, this study demonstrated not only the theoretical
suitability of rPLA and rPETg but also its practical feasibility. The collaboration with NHL Sten-
den to produce filament has proven that recycled PETg hospital material can be converted more
efficiently into usable products than recycling process of rPLA from CHILL.

This study therefore offers a concrete step toward a circular economy in the medical sector by
manufacturing 3D printed splints from recycled PETg hospital waste. The use of recyclable
materials can help reduce the increase in hospital waste, as previously suggested by Habiba et
al. [97], who highlighted the environmental benefits of recycled polymers in additive manufac-
turing. The identification of rPLA as a sustainable alternative with performance comparable to
ST45 supports the feasibility of this change.

In addition, this research has shown that technical data sheets often do not reflect the actual
mechanical performance of 3D printed materials. There is no standardization for testing printed
specimens, making it difficult to compare materials from different manufacturers, as each may
use different standards.

Applicability

The application of recycled materials in the 3D splint will significantly reduce the environmen-
tal impact, as analyzed by Verschoor et al. [12]. Although this study provides a clear pathway
toward the practical implementation of sustainable materials in the medical sector, several chal-
lenges remain when applying recycled materials in 3D printed splints for medical use.

Firstly, according to the European Medical Device Regulations (MDR, Regulation (EU) 2017/745),
the reuse of materials in medical devices is strictly regulated [98]. Article 17 of the MDR allows
single-use medical devices to be recycled under specific conditions, depending on national leg-
islation. However, this only applies if the devices can be safely reused and the reprocessor
satisfies the same obligations as the original manufacturer. This makes reuse of material chal-
lenging in medical applications, such as 3D splints due to current regulations. Therefore, it is
important to look more closely at optimizing the production process so that recycled materials
retain their original properties.

Secondly, successfully integrating recycled materials into 3D printed splint manufacturing pro-
cesses requires overcoming critical barriers that currently hinder local recycling. Research by
Peeters et al. [99] shows that the main barriers to local recycling include the linear economy
and a consumer-oriented society, as well as the high-quality expectations of consumers. In
the context of medical applications, patients with wrist fractures are expected to be treated
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with a reliable, safe, and splint that immobilizes enough. To promote the transition to a cir-
cular economy, RadboudUMC and MAINIAC should overcome these barriers. To overcome
these barriers, Radboudumc and MAINIAC should balance sustainability goals with the high
standards required for medical devices, ensuring that recycled materials meet the necessary
performance, safety and regulatory requirements for patient care.

Third, recycling processes are based on precise extrusion parameters, such as careful filament
cooling, and prevention of contamination, as noted by Giacomini et al. [100], while Bremer et
al. [101] emphasize that uniformity in shredded materials is equally critical. Our study also
demonstrated that scaling up in-house recycling is a labor-intensive process that requires con-
stant monitoring to ensure batch consistency. Consequently, the implementation of in-house
recycling would require investments in training, infrastructure, and process optimization.

Lastly, the change in print method for 3D printed splints from DLP to FDM technology introduces
a challenge in print speed. FDM, using rPETqg filaments (2.85 mm), prints significantly slower
than the faster curing UV resin ST45 used in DLP, which could delay production in hospital
settings where rapid treatment is preferable. Therefore, the slower printing speed of FDM ma-
terials needs careful consideration for medical applications.

Limitations

This study provides insights into the potential of recycled PLA and PETg for 3D printed splints,
but several limitations need to be addressed.

To begin with, a limited number of sustainable materials were investigated to determine the fea-
sibility of their recycling process and mechanical performance. Although the MCDA identified
several potential materials, it was limited to the top two, rPLA and rPETg. The third material from
the MCDA, PLLA, was also considered sustainable and recyclable, but due to time constraints
and its limited availability at Radboudumc, NHL, and CHILL, it was excluded from further con-
sideration. In addition to that, biodegradable materials were not explored in this study, which
could have provided another sustainable alternative for 3D printing applications in the medical
field.

Another limitation is due to the quality of the filament from the recycling production process.
While rPETg was successfully printed, the rPLA from the recycling production process could
not be tested due to logistical constraints. Research at Lapland University of Applied Sciences
has demonstrated that with minor adjustments to extrusion protocols, both rPLA and rPETg can
produce printable filament [100].

The last important limitation is the absence of multiple batches and cycles of recycled materials
to obtain a more in-depth understanding of the variability between cycles and batches. Con-
ducting further assessments with multiple recycled batches could help optimize the recycling
process and facilitate the testing of multiple recycling cycles to evaluate the long-term durability
and consistency of materials.

Reliability
The reliability of this study is influenced by several methodological considerations and limita-

tions in the data collection process, though it still provides valuable insight into the potential of
recycled materials for 3D printed splints.
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The MCDA scoring process was chosen because it allowed the evaluation of multiple criteria
points, offering a convenient and structured approach to evaluating the materials. However,
some criteria required qualitative data rather than quantitative data, which introduces a degree
of subjectivity and potential bias in the results. Despite this, the MCDA method is a valuable
tool for decision-making, and future studies could improve the precision by supplementing it
with more stakeholder input and incorporating diverse perspectives.

Recycling production processes were established through MAINIAC partners, ensuring access
to relevant recycling facilities and expertise, which provided a practical foundation for the study.
However, the differences in protocols, machinery, and practices between these locations did
affect the reproducibility of the results. This not only highlights the need for standardized recy-
cling processes, but also illustrates how real-world variability can influence outcomes.

The feasibility of the recycling processes of rPLA and rPETg was based on a single recycling
cycle conducted under specific conditions, which provided important insights but also limits
the generalizability of the findings. Expanding the study to include multiple recycling cycles
and varied conditions would allow for a more thorough evaluation of the long-term viability and
scalability of the recycling process.

Future recommendations

Future research on sustainable materials for 3D printed medical devices presents a significant
opportunity to refine and expand on the findings of this study. The mechanical properties of
rPETg and rPLA should be explored over multiple recycling cycles, ensuring that the same base
materials are used consistently. This approach will provide critical insights into how recycling
impacts the structural integrity and usability of these materials over time. Understanding the
maximum viable number of recycling cycles before the materials degrade beyond acceptable
limits will help establish their long-term feasibility for medical applications, ensuring performance
and safety standards are upheld.

Additionally, exploring the effects of design modifications in 3D printed splints is interesting.
Variables such as thickness, fill patterns, and hole placement may significantly influence the
mechanical performance of recycled materials. Analyzing how these design parameters affect
the strength and flexibility of the splints could lead to optimized designs that compensate for
any material weaknesses introduced during recycling.

To enhance comparability and reliability across studies, future research should also emphasize
the adoption of standardized testing protocols for manufacturers of 3D printed materials. Em-
ploying ISO and ASTM standards for mechanical property evaluations, such as tensile strength
and impact resistance, will ensure uniformity in test methods.

Finally, before integrating recycled materials into the production of 3D printed splints at Rad-
boudumc, it is essential to conduct further research addressing the practical challenges and
feasibility of this transition. This involves analyzing the entire workflow, from the recycling pro-
duction processes to the final implementation in clinical settings, to ensure that the materials
and methods are in line with the high-quality standards of medical applications.
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6 CONCLUSION

The increasing demand for sustainable practices in healthcare has underscored the need for
innovative solutions to reduce environmental impact. Despite the growing emphasis on sus-
tainability, hospitals continue to rely heavily on non-durable materials, contributing to significant
medical waste. This issue is particularly evident in the treatment of forearm fractures, where
conventional gypsum or plastic casts are standard. At Radboudumc, an innovative approach
aims to replace these traditional solutions with patient-specific 3D printed splints. However,
these splints currently use the non-sustainable ST45 material, which does not address the sus-
tainability challenge. To explore alternatives, this study investigated the potential of reusable
and recyclable materials, evaluating their suitability for 3D printed splints.

Through the literature review, recycled PLA and recycled PETg were identified as the most
suitable candidates based on sustainability, material properties, patient safety, and logistic
compatibility with the existing 3D printing infrastructure. The feasibility of recycling production
processes for these materials was examined in terms of efficiency, energy, and filament qual-
ity. Results indicated that the rPETg recycling process, conducted in collaboration with NHL
Stenden, outperformed the rPLA process at CHILL in scalability and production efficiency. Me-
chanical testing of virgin and recycled PLA and PETg revealed performance comparable to that
of the ST45 benchmark material. While rPLA maintained consistent impact energy throughout
recycling cycles, rPETg showed temporary improvements after the first cycle but a significant
decline after the second. The tensile strength of rPETg differed significantly from ST45, while
rPLA performed comparable. Notably, both materials demonstrated promising recyclability with
no significant loss in E-modulus between cycles.

The findings indicate that rPETg has promising potential as a sustainable material for 3D printed
splints. However, its mechanical performance could benefit from design modifications. Future
studies should aim to refine recycling processes to improve filament consistency and assess
the long-term durability of materials across multiple recycling cycles and practical use cases.
Additionally, optimizing the splint design could further enhance the material’s performance and
suitability for medical applications.
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Table A.1: Key terms and synonymous terms in Boolean search style.

Three-dimensional printing, Recy-
cling, sustainable, biodegradable,
stereolithography, circular economy,
rapid prototyping, digital light process-
ing, fused deposition modeling

Recycl* ”3D print*” Sustain* Material* ”Trauma care”
Reus* "Additive Biodegrad* Filament* Splint*
manufactur*”
"Waste "Three- "Circular Plastic* Plaster
management” dimensional economy”
print*”
Reproces* "Fused "Bio based” Polymer* Cast*
deposition
model*”
Upcycl* "Digital "Environmentally | Compound* Brace
fabrication” friendly”
Regenerat* "Layered Green Component* "Fracture
manufactur*” management”
Refurbish* "Rapid prototyp*” | Eco-friendly Stabiliz*
Repurpos* "Stereolithography”’l Compos* "Orthopedic
treatment”
Redeem* "Digital light Nature-Based Immobiliz*
processing”
Renewable Biocompatib*
Table A.2: Inclusion/exclusion criteria for studies
Criteria Inclusion Exclusion
Keywords | 3D Printing, Additive manufacturing, | Metal, tissue engineering, bone tis-

sue, bone regeneration, food packag-
ing, scaffolds, drug, sensors.

Rubric for material selection

This rubric is used to score the requirements according to the objective of the 3DxSplint from
1 to 5. Every 3DxSplint objective has a scoring of the requirements of the splint. They are
presented in this section.
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B APPENDIXB

First recycle protocol performed at CHILL

Materials
 Filament Type: Virgin PLA from BASF
* Filament Diameter: 2.85 mm

» Total Mass of Printed Parts: 1940 g

Printer Model: Ultimaker S5
» Granulator Model: ZERMA GSL-180/180 (Machine No./Year: #8942/2013)

Filament Extruder: 3Devo Filament Maker 450 — Precision (Machine No.: FMV1P-141547)

The test parts were printed using an Ultimaker S5 3D printer with the following settings: a 0.4
mm nozzle, a nozzle temperature of 200 ° C, a bed temperature of 60 ° C and a print speed
set to 70 mm/s. The layer thickness was 1.0 mm, with 100% infill using a zigzag pattern. The
support structures were applied everywhere with a horizontal expansion of 0.8 mm. Retraction
was enabled with Z-hop when retracted and the cooling fan operated at 100%. The printed
parts consisted of tensile test strips and 3x3x3 cm cubes. After printing, the support material
was manually removed and the parts were stored in bags prior to further processing.

The printed parts were granulated using a ZERMA GSL-180/180 granulator. The material was
initially processed through a 5 mm screen, resulting in 70 g loss of material due to static build-up
and retention within the granulator. To reduce particle size and improve flowability, the granu-
lated material was then passed through a second screen with smaller holes 4 mm in diameter.
This process resulted in an additional 85 g of material loss. Compressed air was used to re-
move stuck particles from the machine and it was recommended to process larger batches to
minimize the relative percentage of material loss.

For filament production, a 3Devo Precision Filament Maker was used. The machine was first
purged with standard PLA pellets to ensure a clean extruder. In the first attempt, the PLA gran-
ulated from the 5 mm screen caused a motor overload error due to the size of the granules
B.2. Following regranulation with the 4 mm screen, the extrusion process proceeded but still
experienced material losses and irregular flow.

To optimize filament production, adjustments were made to both the extrusion temperature (in-
creased by 5°C) and the screw speed. Despite these changes, fluctuations in the diameter of
the filament persisted. These fluctuations were attributed to the irregular shape of the granules,
which caused inconsistent pressure and volume within the extruder. As the 3Devo Filament
Maker does not dynamically adjust screw speed or temperature based on real-time diameter
feedback, achieving a stable diameter remained a challenge.
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Figure B.1: Granulation of second-time process material with reduction of particle size, screen with 4
mm diameter holes

The extrusion process was carried out under laboratory conditions at 23° C and 50% relative
humidity. The target filament diameter was 1.75 mm, suitable for a Bambulabs X1 Carbon 3D
printer.

Second recycle protocol at CHILL

Materials
 Filament Type: Recycled PLA granules (processed in first recycle process)
* Filament Diameter Goal: 2.85 mm
+ Extruder Model: COLLIN Teach-Line E20T
» Extrusion Process Using COLLIN Teach-Line E20T

The extrusion process was carried out using a COLLIN Teach-Line E20T extruder equipped
with a screw-based feed system ( the setup is shown in Figure B.3). PLA granules were loaded
into the machine, where they were heated in four controlled heating zones. Each zone was
designed to ensure even melting and mixing of the material as it moved through the screw
mechanism. The temperature was precisely regulated to promote uniform melting and to pre-
vent degradation of the recycled PLA. Once the PLA was fully melted, it was pushed through
the extruder’s nozzle, producing a continuous molten filament. Immediately after extrusion, the
hot filament passed through a water bath for rapid cooling. The water bath allowed the filament
to solidify quickly, preserving its shape and preventing sagging. The extrusion process focused
on maintaining consistency in the filament’'s shape. After being cooled, the flament was pulled
from the water bath using a drawing machine. The drawing speed was carefully controlled to
ensure a uniform diameter throughout the length of the filament. Consistent tension was ap-
plied to prevent any stretching or inconsistencies. The cooled filament was then wound onto
a spool. The spooling mechanism was operated at a regulated speed to ensure uniform wind-
ing, preventing tangling or loose spots that could affect subsequent printing operations. The
COLLIN Teach-Line features built-in controls to monitor and maintain the filament's diameter
during extrusion. Adjustments were made to optimize the diameter, but the target of 2.85 mm
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(a) Granulate feed into the 3devo fila- (b) Granulate with a diameter of 5 mm
ment maker with 4 mm diameter and to big for the feeder of the 3Devo

Figure B.2: Granulate from the shredder used to determine which diameter is needed for the 3Devo
filament extrusion step.

was not achieved. The resulting filaments were slightly smaller in diameter than intended (~
2.6mm); thediametero fthe filamentwasmanuallymeasuredtoinspectthediametero fthe filament.The filamen

Third Recycle Protocol at CHILL

The material used in this study was PLA regrind purchased from ColorFabb (Figure B.8f). It was
stored in a dry environment at room temperature before processing. A total of 2.6 kg of material
was printed in blocks with dimensions of 30x30x100 mm (Figure B.8b) and an infill density of
80%, using standard PLA settings. The printing was carried out using a Bambulab X1 Carbon
3D printer over a period of three days.

Following printing, the material was weighted and systematically fed, block by block, into a
ZERMA GSL-180/180 granulator equipped with a 5 mm diameter screen B.8c. The shredded
PLA flakes were then weighed and transferred to a Coperion K-SFS-24 Smart Flow Meter,
which automatically and uniformly transported the granulated flakes into the Coperion ZSK 18
MEGAIab twin screw extruder. Within the extruder, the material was heated, mixed to achieve
homogeneity, and extruded through a 4 mm nozzle. The extruded material was passed through
a Coperion CT 120-100-2000 water bath, filled with water at room temperature, to cool the ex-
trudate. Upon exiting the water bath, the material was dried using an air blower. The dried
material was subsequently pelletized using a Coperion SP30 EN pelletizer, producing PLA pel-
lets. The setup is shown in figure B.6.

These pellets were weighed and dried in an oven at 80°C for 1.5 hours. During the day, the
3Devo Precision 450 filament maker was preheated. After drying, the pellets were fed into the
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Figure B.4: Results from second recycle protocol at CHILL with the COLLIN. A short filament spooled
with air bubbles and inconsistent diameter

Figure B.5: Granulation of the shredded print PLAregrind material
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Figure B.6: Filament extrusion on the Corperion extruder left, in the middle the water bath and right the
Corperion pelletizer is placed.

Figure B.7: 3Devo filament maker during filament spooling with PLAregrind material

filament maker, using the default PLA 1.75mm settings: Heater 1 at 180°C, Heater 2 at 190°C,
Heater 3 at 185°C, and Heater 4 at 160°C. The extrusion speed was set to 3.7 RPM and the
fan speed was maintained at 60% the spooling of the regrindPLA material is shown in Figure B.7.

Initial attempts to stabilize filament output involved manual adjustments to achieve a consistent
filament diameter. Once the diameter fluctuations stabilized around 1.75 mm, the filament was
spooled. After enough filament was in the spool, the spool was tested on the Bambulab 3D
printer.

Recycle protocol at NHL Stenden Hogeschool

The PETg recycling protocol at NHL Stenden begins with the preparation of virgin materials,
specifically the PETg packaging that is typically used for surgical instruments B.9a. The mate-
rial is manually cut to remove any adhesive borders, ensuring that only clean material is utilized
for recycling. Following preparation, PETg sheets are processed using the 3Devo GP20 Plastic
Shredder Hybrid, where they are reduced to smaller flakes with an approximate diameter of 3
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N

(@) PLA regrind on .
(d) Pellets

spool

(f) recycled PLA re-
(e) Filament extrusion grind filament on Spool

Figure B.8: Comparison of recycled PLA in various stages: (a) PLA regrind filament on spool (1.75mm),
(b) Printed blocks of regrind PLA, (c) Granulate, (d) Pellets, (e) Filament extrusion of rPLA, (f) Recycled
PLA regrind filament on spool.

mm B.10a. This shredding process takes about 15 minutes, resulting in a total of 930 grams of
shredded flakes after a material loss of approximately 68 grams.

The shredded PETg flakes are then dried in the 3Devo AIRID- Polymer Dryer for 4 hours at 65
° C to remove the moisture content B.10b. After drying, a further loss of about 6 grams occurs,
yielding a final weight of 924 grams. The dried flakes are then fed into the 3Devo Filament Maker
Precision 350 for filament production, where they are processed for about 1.5 hours B.6. The
extruder is set with specific temperature zones H4: 210 °C, H3: 220 °C, H2: 230 °C, H1: 220 °C
and RPM: Set to 6.5, with the cooling fan operating at 100%, allowing the material to melt and
be extruded through a nozzle. During this process, the diameter consistency of the filament is
monitored, ultimately achieving an average diameter of 2.83 mm. Filament production results
in a loss of approximately 74 grams, which yields a total of 376 grams of filament, which is
equivalent to 48 meters in length B.9d. The whole recycling process is presented in figure B.9.

3DxSplint design

The splint design was created with a 3D scan of the wrist using Spentys software based on a
hand scan. The design was sliced using Ultimaker Cura software to optimize the print settings
(Figure B.11). The print configuration included a 50% infill density and a cubic infill pattern, with
only support structures at the bottom (10mm) for strong adhesion to the bed. The final splint
design required 42 grams of material and 5.24 meters of filament to produce.
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4 = o & 2 TRl (d) Recycled PETg fila-
(a) Virgin PETg (b) shredded rPET: (c) Filament extrusion ment on spool

Figure B.9: Comparison of recycled PETg in various stages: (a) Virgin PETg packaging material, (b)
shredded rPETg, (c) filament extrusion, (d) Recycled PLA regrind filament on spool.

&

(a) 3Devo shredding machine for making flakes of 3 (b) 3Devo drying machine for drying the flakes be-
mm fore filament extrusion.

Figure B.10: Overview of the shredding and drying processes in the PETg recycling protocol.

cr e e [ Emsvim @ @ gx - R

® 6hours 37 minutes 0]
® a39-528m

> L

Figure B.11: 3DxSplint sliced in Ultimaker Cura software with the PETg default settings and the change
settings. In blue the support is visible in 10 mm from the bottom.
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C APPENDIXC

Technical Data Sheets for the tested materials

Technical Data Sheet for Ultrafuse PLA

Version No. 4.4

Mechanical Properties

Print direction Standard
Tensile strength 180 527
Elongation at Break IS0 527
Young's Modulus IS0 527
Flexural Strength I1SO 178
Flexural Modulus IS0 178
Flexural Strain at Break IS0 178
Impact Strength Charpy (notched) 1SO 179-2
Impact Strength Charpy (unnotched) 1SO 179-2
Impact Strength Izod (notched) 1S0 180
Impact Strength Izod (unnotched) 1SO 180

]

XY
Flat
34.7MPa/50ksi
42%
2308 MPa / 335 ksi
98.0 MPa/ 142 ksi
1860 MPa / 270 ksi
48%
25 kJim®
13.2 kJim®
33 kim?
11.0 klim*

XL
On its edge
105 MPa/ 15.2 ksi
1708 MPa [ 247 ksi
42%
1.9 kJim?®
14.3 kJim?
2.1 kdim?
9.6 kJim?

X
Upright
21.2MPa/ 3.1 ksi
12%
2131 MPa/ 309 ksi
54.9 MPa/ 8.0 ksi
1715 MPa f 249 ksi
19%
1.7 kJim?®
43 kJim*
1.6 kJim®
AT kdim?®

Figure C.1: Technical Data Sheet of PLA from manufacturer BAS-F, adapted from [94].
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Mechanical properties

All samples were 3D printed. See ‘Motes’ section for details.

Test method
Tensile (Young's) modulus ASTH D3039 (1 mm / ming
Tensile stress at yleld ASTM D3039 (5 mm / min)
Tensile stress at break ASTM D3039 (5 mm / min)
Elengation at yield ASTM D3039 (5 mm / min)
Elengation at break ASTM D3039 (5 mm / min)
Flexural modulus 50 178 {1 mum £ min)

Flewural stremgth 150 178 (S mm f min)

Flexural strain at break 50 178 (S mimi { min)

Charpy Impact strength (at 23 *C) 150 1791 / 1eB (notched)

Hardness

Upright T

Print orientation

As the FFF process produces part in a layered
structure, mechanical properties of the part ur.Eur{1
depending on orientation of the part. In-plane there
are differences between walls {fuﬂnwing the contours
of the part) and infill (layer of 45° lines). These differ-
ences can be seen in the the data for XY (printed flat
on the build plate - mostly infill) and YZ (printed on its
side - mostly walls). Additionally, the upright samples
(Z direction) give information on the strength of the
interlayer adhesion of the material. Typically the
interlayer strength (Z) has the lowest strength in FFF.

Mote: All samples are printed with 100% infill - blue
lines in the ilustration indicate typical directionality of
infill and walls in a printed part.

150 7619-1 (Durometer, Shore 0)

Typical value

XY (Flat) YZ (Side) Ziupy

1830 & 28 MPa 1674 £ 31 MPa 1711 £ 45 MPa
462 & 0.8 MPa 50.3 £ 1.0 MPa -

3RS+ 1.4 MPa 440+ 3.7 MPa 19.0 6.4 MPa
591 0.1% 6.0+ 0.2% -

761 0.2% 6.4 & 0.6% 1.8 1 0.E%

1BBZ & 30 MFa 1681 £ &1 MFPa 1489 £ 25 MFa

TBE9 1 1.0 MPa at T5.B + 2.0 MPa at 50 ¢ 3.5 MPa at
5.5% straim 5.5% =train 3.6% straln
No break (=10%) MNix break (=10%) 361 04%
7.9 1 0.6 k)rm*
76 Shore D
]
i B
-]
i
B ¢
e
Yield paint
Strain

A Tensila stress at break, elongation at break (no yield point)
B. Terzile stress at yield, elengation at yield
. Tensile stress at break, elongation at break

Tensile properties

Printed parts can yield before they break, where
the material is deforming (necking) before it breaks
completely. When this is the case, both the yield
and Ereak points will be reported. Typical materials
that yield before breaking are materials with high
toughness like Tough PLA, Nylon and CPE+.

If the material sim Il]],r breaks without yielding, only
the break point 1---.|'iIFI:| e reported. This is the case for
brittle materials like PLA and PC Transparant, as well
as elastomers (like TPLU).

Figure C.3: Technical Data Sheet of PETg from manufacturer Ultimaker adapted from [93].
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Set up Mechanical testing tensile and Charpy test

Figure C.5: Tensile test set up with the Zwick/Roell Z020 tensile testing machine.
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Figure C.6: Charpy Impact test setup with the
Zwick/Roell HIT 5.5P testing machine with a 1J
pendulum.

Figure C.7: Alignment of the specimen in the
testing machine.

Raw Data from Tensile and Impact Tests

In this section, the raw data collected from both tensile and impact tests for a range of materials,
including st45, PLA, rPLA, PETG, and several variations of rPETG. Each dataset is displayed
with tables, statistics, and visualizations to highlight the material properties derived from these
tests.

For each material, the impact energy values in a table from the report, along with key statistical
metrics. are presented in the figures below. Additionally, a plot that visually compares the impact
energy values across all tested specimens to compare of energy absorption capacity between
materials.
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Results:

Statistics:
b bn h w ak |Type of failure | ak - series TotalHinge break b bn h W ak
No. mm mm mm J kJ/m? n=10 mm mm mm J kd/m?*
1 9,85 | 7.83 | 41 0,09662| 3,01 C 3.06C* X 9,948 7,944 |4086 |0,09943| 3,06
2 9.9 8.1 4,01 |0,10379| 3,20 ] s 0,07084)0,0814|0,06535|0,00383| 0.11
3 10,03 | 7.98 | 4,06 |0,09901| 3,06 [<] V[%] 0,71 1,02 |1,60 3,85 3,55
4 9.95 | 7.99 | 4.04 |0.09662| 2.99 [+]
5 9.93 | 7.95 | 411 |0.09543| 2,92 c
6 |1002| 799 | 41 |0.09662| 2.95 c
7 9,96 | 7,92 | 4,07 |0,10483( 3,25 C
8 9,83 | 7.83 | 4,02 |0,09528| 3,03 C
9 9,99 | 7.96 | 4,11 |0,10363| 3,17 C
10 10,02 | 7.89 | 4,24 |0,10244| 3,06 C
Series graph:
10
8
"E |
2
£ &
£ L
=)
c
24
g r o0 5 S ——— 00—
g
E2
0 + + + +
0 2 4 6 8 10
Specimen number
Figure C.8: Impact Energy Data for ST45
Results: .
Statistics:
b by h w ak | Type of failure | ak - series TotalHinge break b by h wW ak
No. | mm | mm | mm J kdim? n=10 mm mm | mm J kJim?
1 10,18 | 8,17 | 4.02 |0.08588| 2.61 C 2.82Cc* X 10,26 |8,113 |3,988 | 0,09151| 282
2 10,22 | 8,18 | 3,96 |0,08588| 2,65 Cc s 0,1148]0,1985|0,0244| 0,01520| 043
3 10,52 | 8,39 | 3.96 |0,13379| 4.03 o] v [%] 112|245 |0,61 16,61 15,24
4 10,2 8,04 | 3,98 |0.08588| 2,68 [o]
S 1034 | 828 | 4 0.08469| 2.56 Cc
6 10.34 | 838 | 4 0.08543| 2.85 c
7 10,28 | 7,98 | 3,95 |0,08469| 2,69 C
8 10.2 7.96 | 4.01 |0.08469| 2,65 C
9 |1015] 7.8 4.01 [0.08588] 2.75 [«
10 10,16 | 7.95 | 3,99 |0,08827| 2,78 [}
Series graph:
10
8
‘:E_ 1
cs
£ 1
H
24
B
k5] T .
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Figure C.9: Impact Energy Data for PLA

Specimen number
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Results:

Statistics:
b by h w ak | Type of failure| ak - series TotalHinge break| b by h w ak
No. | mm | mm | mm J kJim? n=10 mm mm mm J kJd/m?
1 995 | 8,13 | 4,06 [0,09423] 285 C 3.05C" x 9974 (8134 [4.058 [0.10081] 3.05
2 997 | 811 | 4.08 |0,09543| 2.88 C s 0,02716|0,02413|0,01135{0,00855| 0,26
3 9,95 | 8,15 | 4,05 [0,09781| 2,96 [ v [%] 0.27 030 0.28 848 847
4 | 999 8.15 [ 4.07 [0.09901] 2.98 c
5 | 999 811 | 406 |0.09304] 2.83 c
6 |10.02] 819 | 4.04 |0.10379] 3.14 c
7 |10 8.13 | 4.05 [0.10140] 3.08 C
8 | 993|812 | 405 |0,09781] 2.97 C
9 | 996 813 | 406 |0.12297] 3.73 c
10 | 998 812 [ 4,06 [0,10260] 3,11 C
Series graph:
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Figure C.10: Impact Energy Data for Regrind PLA
Results: Statistics:
b by h w ak |[Type of failure | ak - series Total/Hinge break b bn h w ak
No. mm mm mm J kJ/m? n=11 mm mm mm J kJ/m?
1 | 1011 8.16 | 3.93 [0.09065] 2.83 c 2.17C" x 10,07 8,157 [3.915 | 0,06939] 2.17
2 |10.06] 8.15 | 3.91 |0.08231] 2.58 c s 0,03585]0,036080,01036| 0,01922] 0,60
3| 10.11] 8.21 | 391 |008112] 2,53 C V%] 036 |044 [0.26 [27.70 2763
4 [10.05] 817 | 3.93 |0.03853] 1.20 C
5 |10.06] 816 | 3.91 |0,05030| 1,58 C
6 |10 | 82 | 392 |o08469] 2,63 c
7 |10,03] 814 | 3,92 [0,07161] 2,24 C
8 |1002] 812 | 3.9 |0,05857| 1.85 5
9 |10.06] 8.16 | 3.92 |0,03970] 1.24 c
10 [10.41] 8.18 | 3.92 [0.08588] 2.68 c
11 | 1002 ] 808 | 39 |007993] 2,54 C
Series graph:
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Figure C.11: Impact Energy Data for PETg
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Results:

Statistics:
b by h w ak | Type of failure| ak - series Total/Hinge break b bn h w ak
No. mm | mm | mm J kJ/m? n=11 mm mm mm J kJ/m?
1 [ 101 | 823 | 4.01 |0.13258] 4.02 [ 447C X 10,11 8246 3,972 | 0,09834] 3,00
ﬁ 131; :-;g :-gg 8‘?222? i:g g s 0,02656]0,03139[0,0306| 0,03033] 0.91
5 1'1:11 8:2'." 3:96 0:12177 3:?2 C V%] 0.26 038 0.77 30.84 30.20
7 | 1041 [ 827 | 3.96 [0.10858| 3.32 [
8 | 10.07 | 8.22 | 3.98 |0.08469| 2.59 [
9 | 10,08 | 817 | 3,99 |0,08827| 2,71 S
10 | 1015 | 8.28 | 3.94 |0.09423| 2.89 c
11| 1011 8.25 | 3.95 |0.06212] 1.91 [
12 | 1015 8.26 | 3.94 [0.09184] 2.82 [
13 | 10,1 | 8.24 | 3,99 |0,04812] 1,49 S
Series graph:
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Figure C.12: Impact Energy Data for rPETg
Results: s
Statistics:
b bn h w ak | Type of failure | ak - series Total/Hinge break b by h w ak
No. mm mm mm J kJ/m? n=11 mm mm mm J kJ/m?
1 9.98 | 8.02 | 3.95 |0.08946] 2,82 C 268C X 9936 [8,045 |3,928 | 0,08457| 2,68
2 | 983 807 | 392 |0,07636| 2,41 [ s 0.09168[0,0356(0,01168 | 0,02953| 0.83
3 |10 8.05 | 3,94 |0,04559| 1.44 C V%] 092 [044 |030 |3491 34,91
4 | 9768 391 |0.11937| 3.82 c
5 9,98 | 8.04 3,93 |0,12657| 4,01 H
6 |10 806 | 3,92 |0,04795| 1,52 c
7 | 10,01 811 | 3,93 |0,12898 4,05 c
8 | 9858 392 |0.08112] 2.59 H
9 10,04 | 8,09 3,92 |10.07874| 2,48 o]
10 | 9.86 | 8.02 | 3,94 |0,05739] 1.82 S
[ 998 | 8,03 | 393 |0,07874] 2,50 C
Series graph:
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Figure C.13: Impact Energy Data for rPETg Batch 2 (B2)
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Results: Statistics:

b bn h w ak | Type of failure| ak - series Total/Hinge break b bu h w ak
No. | mm | mm | mm J kdim? n=11 mm mm mm J kJ/m?
1 | 975| 7.86 | 3,95 [0,03570] 1.28 [ 1.75C" m 5788|7958 3924 | 005474] 175
2 }1002/ 808 | 354 1008350 262 c s 0,082320,07449(0,01963| 0,01712| 0,54
3 | 981 | 7.9 | 3.92 [0.04088] 1,31 C V%l 084 094 [0S0 [3128 |3078
4 | 979 803 | 3.92 [0,04912] 1,56 C
5 | 978 8.06 | 3.94 [0.04559] 1.44 c
6 | 977 | 7.95 | 3.95 |0,07755| 2.47 C
7 | 97 [ 7.97 | 3.92 [0.05148 1.65 c
8 | 974 7.87 | 3.89 [0,04088] 1,34 C
9 | o78| 79 | 3.91 [0.04795] 1.55 c
10 | 978 7.93 [ 3.9 [0.04441| 1.44 [
T | 975 7.91 | 3.92 |0.08112] 2,62 C
Series graph:
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Figure C.14: Impact Energy Data for rPETg Second Cycle (2e)
From the tensile test, the stress-strain curves for all tested specimens per material are displayed

in the figures below. Each plot represents the individual performance of the materials, with a
distinct curve for each specimen.

Stress-strain curves ST45

Standard force [MPa]

[en]

-1 0 1 2 3 4 5 6 7 8
Strain [%]

e SpECiMen 1 ess==specimen 2 emmmsspecimen 3 ess=sspecimen 4 essmspecimen 5

Figure C.15: Stress-strain curves for ST45
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Stress-strain curves vVPLA

Standard force [MPa]

/

[e>)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Strain [%]

@ SpECiMmen 1 ss===specimen 2 emmmspecimen 3 ss===specimen 4 es==specimen 5

Figure C.16: Stress-strain curves for PLA

Stress-strain curves regrindPLA

Standard force [MPa]

0 1 2 3 4 5
Strain [%]

@ SpeCimen 1 e specimen 2 emmmmspecimen 3 es==mspecimen 4

@ SPECIMEN 5 emmms SpeCimen 6 es===specimen 7 «====specimen 8

Figure C.17: Stress-strain curves for Regrind PLA
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Stress-strain curves vPETg

Standard force [MPa]

o

[en]

0 0.5 1 1.5 2 25 3 3.5
Strain [%]

@ Specimen 1 ess==specimen 2 emmmsspecimen 3 ess=sspecimen 4

e Specimen 5 essmsspecimen 6 ss===specimen 7

4.5

Figure C.18: Stress-strain curves for PETg
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Figure C.19: Stress-strain curves for rPETg
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Stress-strain curves rPETg-B2

) /

Standard force [MPa]

o

[e»]

-1 0 1 2 3 4 5 6
Strain [%]

@ SpECimen 1 ess==specimen 2 emmmsspecimen 3 es===specimen 4 ess=sspecimen 5

Figure C.20: Stress-strain curves for rPETg Batch 2 (B2)

Stress-strain curves rPETg 2e cycle
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Figure C.21: Stress-strain curves for rPETg Second Cycle (2e)

Print settings per material

Ultrafuse PLA white and ColorFabb PLA regrind were printed with the settings in C.1 and printed
on a Bambu Lab X1 Carbon printer. Their filament diameter was 1.75 mmm.
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Table C.1: Bambu Lab PLA general printing settings with 100% infill

Setting Value
Filament type PLA
Layer height 0.15 mm
Infill 100%
Nozzle temperature 210°C
Bed temperature 60°C
Print speed 250 mm/s
Cooling fan speed 100%
Initial layer height 0.3 mm
Initial layer speed 30 mm/s
Retraction distance 1 mm
Retraction speed 40 mm/s
Flow rate 100%

Ultimaker PETg was printed with the settings in C.2 on the Ultimaker S5 printer.

Table C.2: Ultimaker S5 generic PETg settings with 100% infill

Setting Value
Filament type PETG
Layer height 0.15 mm
Nozzle temperature | 240°C
Bed temperature 75°C
Print speed 60 mm/s
Infill 100%
Retraction distance | 6.5 mm
Retraction speed 25 mm/s
Fan speed 50-100%
Flow rate 100%
Initial layer height 0.27 mm
Initial layer speed 30 mm/s

Hartplastic rPETg was printed with the settings indicated C.3.

Table C.3: Ultimaker S5 generic PETg settings with 100% infill

Setting Value
Filament type PETG
Layer height 0.15 mm
Nozzle temperature | 230°C
Bed temperature 75°C
Print speed 60 mm/s
Infill 100%
Retraction distance | 6.5 mm
Retraction speed 25 mm/s
Fan speed 50-100%
Flow rate 100%
Initial layer height 0.27 mm
Initial layer speed 30 mm/s
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ST45 was printed with the following settings. The same settings are used for printing the 3DxS-
plint, currently.

Table C.4: ST45 Resin Print Settings on Atum3D DLP Printer

Parameter Setting

Wavelength 405 nm

Curing Time per Layer | 2 seconds (CT1), 2.4 seconds (CT2)
Layer Thickness 0.1 mm (LT1), 0.3 mm (LT2)

Print Bed Temperature | room temperature
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