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Greeting 
 
Dear readers, 
 
It gives me great pleasure to present you the official proceedings of the 16th 
international Rapid.Tech conference in Erfurt.  
 
Within the Rapid.Tech conference more than 100 scientists, users and 
industry experts are presenting current research results and application 
examples. The lectures have been selected by the advisory board and some 
of them have been double-blind reviewed by the review committee to receive 
a scientific quality assurance.  
 
With the support of the distinguished experts from industry and research on 
our Advisory Board, we were one of the first trade fair organizers worldwide 
to focus on this topic and, thanks to our consistency and commitment, have 
established ourselves as a leading European destination for exhibitors, 
visitors and conference participants since 2004. 
 
We feel it is important to offer you a balanced portfolio of contributions, so 
that you can obtain an overview of the state of the art in the industry while 
also exchanging ideas on an expert level. 
 
The submissions of these proceedings belong to the forums Medical, Dental 
& Orthopaedic Technology, Automotive Industry, Design, Software & 
Processes, AM Science, Tool, Mould & Jig Construction, Plastics, Metal, 
Aviation as well as Standardisation & EHS.  
 
 
Michael Kynast 
CEO 
Messe Erfurt GmbH 
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Direkter Aligner für Kieferorthopädie, der eine hohe Zähigkeit 
aufweist und nicht gelb wird 
High toughness and yellowing-free Direct Aligner for Orthodontics 
 
Hiroaki Okamoto 
Okamoto Chemical Ind. Co. Ltd, 
 

Kurzfassung 
 
Aligner for Orthodontics erstellt derzeit ein Gebissmodell mit einem 3D-Drucker 
und darauf befindlichen Thermoplasten, um einen Aligner zu erstellen. Um den 
Prozess zu rationalisieren, haben verschiedene Unternehmen lichthärtbare 
Harze für die direkte Herstellung (Direct Aligner) unter Verwendung von 3D-
Druckern vorgeschlagen, aber es gibt immer noch nicht genügend befriedigende 
Elemente wie Zähigkeit und Farbe mit Biokompatibilität. 
Photopolymer besteht aus Monomermaterialien und Initiatorsystem. 
Grundsätzlich verwenden wir kein Monomermaterial wie Bisphenol A, das 
lebende Organismen beim Design beeinflusst, aber nur sicheres Material wurde 
als photohärtbares Harz entwickelt. Dem neuen lichthärtbaren Harz gelang es, 
Zähigkeit zu verleihen, indem ein neues Urethanmonomer neu entworfen wurde 
und das neue Ausgangssystem gefunden wurde, das Licht absorbiert und die 
Reaktion initiiert. Eine starke Stabilität der Klarheit (Gelbfärbung) wird durch 
Überprüfung aller Monomere zur Anpassung der Verbindung zur Strukturierung 
der Struktur gegen Gelbfärbung und durch Einführung eines 
Antigelbungsinitiatorsystems erreicht. Es ist uns gelungen, die Gelbfärbung des 
Formkörpers extrem zu unterdrücken. 
Es ist uns gelungen, ein Aushärtungsharz für den direkten Aligner zu schaffen, 
der sicher ist, eine hohe Zähigkeit und eine hohe Stabilität der Klarheit aufweist. 
Ich werde andere Eigenschaften dieses direkten Aligners beschreiben, indem ich 
den chemischen und physikalischen Gesichtspunkt verwende. 

Short Abstract 
 
Aligner for Orthodontics currently produces a dentition model using a 3D printer 
and thermoplastics on it to create an aligner. In order to streamline the process, 
various companies have proposed light curable resins for directly manufacturing 
(direct aligner) using 3D printers, but there are not still enough satisfying items 
such as toughness and color with biocompatibility. 
Photopolymer is composed of monomer materials and initiator system, we 
basically do not use monomer material such as bisphenol A which affects living 
organisms in designing, but only safe material was designed as a photocurable 
resin. The new light curable resin was succeeded in giving toughness by using 
newly designing a special urethane monomer and by finding the new starting 
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system which absorbs light and initiates the reaction. Strong stability of clearness 
(anti-yellowing) is acquired by reviewing all the monomers for adapting anti-
yellow structure-taking compound, and by introducing anti-yellowing initiator 
system. We succeeded in extremely suppressing the yellowing of the shaped 
object. 
We succeeded in creating curing resin for direct aligner which is having safe, 
having heavy toughness and strong stability of clearness. And I will describe other 
characteristics of this direct aligner by using chemical and physical view point. 
 

1 Langfassung 
 
A) Introduction 

 
History of 3D printers in general1) 
 
Mr. Hideo Kodama of Nagoya City Industrial Research Institute in 1980 
applied for a patent for a 3D printer in the photofabrication method 
using a photocurable resin (Photopolymer). This is a method (SLA) of 
slicing an object in the Z-axis and curing the slice by light on a stage in 
a bathtub container of a Photopolymer, and the world's first 3D printer 
concept and experiment was published. However, because no request 
for examination of this patent was made, American patent holder Chuck 
Hal, who will launch 3D Systems, will obtain a patent. Therefore, until 
now, when making the object, it has been made by scraping the raw 
material, but this method is a completely new loading method. 
 
Feature of 3D printer 
 
Shaped object by the 3D printer's is characterized by the additional 
processing that repeats the lamination in comparison to the 
conventional removal processing and deformation processing, but the 
other major characteristic is that it is possible to jump in time and place 
if data is installed. For example, data taken out in Europe can be 
processed in Asia, can be shaped in Africa, data can be stored semi-
permanently, also data can be taken out at any time, and data can be 
formed in any place by 3D printer. 
 
Applied to medical and dental care fields 
 
With the progress of computers, especially with the speeding up of 
graphic processing speed, three-dimensional data obtained from 
medical imaging equipment such as X-ray CT equipment and MRI are 
projected three-dimensionally on a display, and this image is used for 
diagnosis and surgery assistance. Furthermore, at the time of planning 
an operation plan Using this 3D data, 3D printer was used to create a 
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3D biological model, and a medical treatment was started to repeat 
simulation and perform safe treatment. Furthermore, remote diagnosis 
and treatment has started using this technology. For example, in the 
case of surgery when there is no specialist doctor in one place, 
attempts are being made to create a living body model using a 3D 
printer elsewhere and medical specialists provide medical support for 
doctors from another place. 
 
Aligner present / problems (biocompatibility, physical properties 
(impact, directionality)) 

 
In the field of dental care, 3D printers are also actively used. In 
particular, the necessary dentition model is designed using CAD / CAM, 
and the formed dentition model is shaped by the 3D printer with a 
Photopolymer. Invisalign is attracting attention as one of the leading-
edge technology company in vacuum thermocompression bonding of 
thermoplastic resin, in removing molds, and in cutting unnecessary 
parts to create an orthodontic aligner. 
 
However, as described below, it cannot be easily manufactured in the 
long process. (Figure 1) 
 
When forming the aligner directly (Direct Aligner) with a 3D printer is in 
the following process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Normal aligner process diagram and direct aligner process diagram 
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The process can be significantly rationalized. As a result, when you 
have space for placing 3D printers and an infrastructure for receiving 
data, you can install and model anywhere in the world. 
 
However, the existing Photopolymer for 3D printer has a problem in 
achieving both biocompatibility (ISO 10993) and physical properties. A 
shaped product using a Photopolymer with biocompatibility for a 3D 
printer is high enough in hardness but fragile, and easily yellowed and 
not suitable for an aligner. Currently, it is only used for temporarily used 
surgical guides and splints. There is a strong demand for the 
development of Photopolymer that simultaneously satisfy the 
performance, biocompatibility, toughness and yellowing resistance 
required for Direct Aligners. 
 

B) Content 
 

① Biocompatible Reign 
 
A polymer is synthesized by polymerizing monomers, but the 
polymerization is usually the sum (additivity) of the properties of the 
monomers. For example, if a monomer that is a constituent of a 
polymer is safe, a polymer composed of that monomer is safe. 

 
Polymerization reaction (Maintaining the properties of monomers)2) 

 
The monomer constituting the polymer is composed by a basic 
skeleton, and end group having a double bond, and the nature of the 
monomer is that of the basic skeleton (This example is Tricyclodecane, 
Fig. 2). A polymerization reaction (polymerizing reaction) for producing 
a polymer is a radical reaction in which double bonds are opened and 
reacted without decomposition of monomers, and there is no structural 
change of the basic skeleton (Fig. 3). Therefore, the nature of the basic 
skeleton is maintained as it is. 

 
 
 
 

 
 
 
 
 
 
 

Fig.2 Example Tricyclodecane dimethanol Diacrylate 
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Fig. 3 Conceptual diagram of polymerization reaction 
 

 
Cytotoxicity test results 

 
With the above considerations in mind, we designed a Photopolymer 
that shapes the aligner. First, monomers with high safety were listed, 
and a Photopolymer was constituted only with the monomers. Here, 
the chemical world shows LD50 (oral toxicity), which is a 
representative safety of chemicals defined by the United Nations 
(Table 1). 

 

 
    Table 1 SDS comparison of other manufacturers 

SDS 
Informatio

n 

Okamoto 
Chemicals 
Resin 

A B 
 

C 
 

Low Risk 
 

Skin 
irritation 
 

Skin 
irritation 
Toxic for 
aquatic 
organisms 
 

Skin irritation 
Flammable 
liquid and gas 
 

Toxic when swallowed 
Can cause skin 
allergic response 
Respiratory system 
irritation 

High Risk 
 

・None 
 

・N/A 
 

・N/A 
 

・Severe eye damage 
・Organ damage 
・Very high toxicity to 
living organisms 

Pictogram
s 
 

    

Oral 
Toxicity 
LD50 

 

>2,000 
mg/kg 
High 
safety 

・N/A 
 

・N/A 
 

・1,314 mg/kg 

Biocompa
tibility 

― IIa(EU) IIa(EU) IIa(EU) 
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Thus, the chemical safety of the newly designed photocurable resin is 
excellent. Using this photocurable resin, it was shaped by a 3D printer 
and post-treated, and a cytotoxicity test, which is a representative index 
of biocompatibility, was conducted in advance. The results of 
cytotoxicity test (LDH-TEST) and cell proliferation test (WST1-TEST) 
are shown (FIG. 4). 

 
 

        
 

Fig. 4 Result for cellular toxicity and proliferation experiments 
 
 
 

PK is non-cytotoxic, and NK is an indicator of cytotoxicity. The test 
sample is C. The results of LDH showed values equivalent to culture 
co-PK for 24 hours and 72 hours. In addition, the results of WST1 were 
approximately the same as PK for both 24 hour and 72-hour culture 
tests. Thus, this photocurable resin represents a very safe substance. 

 
 
 
② Physical property 

 
 Not satisfaction of impact resistance 
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The physical properties of molded objects in general-purpose plastics 
currently used and 3D printers are compared (Table 2)3). 

 

               Table 2 PhysiTable 2 Physical property comparison 
table 

 
The flexural modulus shows larger in 3D printer but the Izod impact and 
breaking strain rate shows a larger value for general purpose plastics. 
The values show that general-purpose plastics are softer and more 
elastic and tougher than 3D printer models, but not hard2). 

 
The difference between Photoreaction and Polymer synthesis 

 
The photoreaction (modeling of a 3D printer) is a radical reaction, the 
radical generator absorbs light and generates radicals, which attack the 
monomers and the monomers become radicals and react in a chain 
reaction. A major feature of this reaction is that high density light 
generates high density radicals which are explosively converted from 
monomer to polymer. 
In contrast from the radical reaction, normal polymer synthesis is a 
sequential reaction using a catalyst, and monomers activated by the 
catalyst etc. react sequentially with the monomer and react sequentially 
while increasing the molecular weight. 
At the radical reaction by light, the end of the reaction is collision of 
activated monomers, radicals of high density exist, and collision of 
radicals is likely to occur in high probability. 
 On the other hand, in the case of a sequential reaction using a catalyst, 
only the monomer in contact with the catalyst becomes the active 
species, so the concentration of the active species is relatively low 
density and the reaction is difficult to complete. 

 
Molecular weight distribution 

 

 Flexural 
modulus 
(MPa) 

Izod Impact 
Strength (J/m) 

Elongation at 
Break (%) 

D 2470 50 9 

E 9030 20 1.2 

PP 1100~1600 2.9~7.8 200~700 

ABS 1900~2800 75~640 1.5~80 

Polycarbonate 2400 640~854 110~120 

Okamoto 6600 24 4 
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Although the distribution of molecular weight is narrow and small when 
the polymerization was generated by high density radicals at 
photoreaction. In contrast, the general polymer synthesis has a broad 
molecular weight distribution and a large molecular weight (FIG. 5). 

 

       
 
Fig. 5 Conceptual diagram of molecular weight 
distribution High peaks are photoreaction ・ Broad 
peaks are normal synthesize 
 
 

Although it is very difficult to measure the molecular weight of the 
polymer solid, it is measured by GPC after being dissolved in high 
temperature O-dichlorobenzene4). The molecular weight of PP is 5,5000 
with 40,000 and 70,000 for tail. On the other hand, the molecular weight 
of urethane acrylate by photocuring is 3,000, and the tails are at 2,800 
and 3,200. In general, brittle plastics shows small molecular weight 
(10,000 or less) and/or shows small weight distribution. 
 
Introduction of urethane monomer5). 
 
Since the molecular weight cannot be easily increased, instead of 
increasing the molecular weight, the polymer chains were attracted to 
each other to introduce a urethane bonding to increased strength. 
Urethane has highly polar N and O atoms as shown by -CONH-, and 
can interact with the polymer chains present around it and can form 
hydrogen bonds. 

 
Directionality 

 
Direction of impact resistance 

 
Although the formation of the 3D printer is stacked in the stacking 
direction, it has strength in the direction perpendicular to the stacking 
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surface but is much weaker in the horizontal direction than in the 
vertical direction (Figure 6). 

 
 
 
 

 
 
Fig. 6 Directionality of modeling of 3D printer 

 
 

Anker effect 
 

Significant improvement can be achieved by introducing a urethane 
group into the polymer.  

 
③ Yellowing 

 
The mechanism of yellowing of transparent resin is that plastic which 
does not absorb in the visible light region forms a conjugated system by 
ultraviolet light and heat etc. As a result, the absorption wavelength of 
the plastic is red-shifted, and absorption is moved to the visible light 
region and yellowed 1) 2). Here, an example of quinoid structural 
change, which is a typical yellowing phenomenon, is shown (Fig. 7)6).  

 
 
 

CH3

CH3

OH

O

O
 

             
 Fig. 7 Quinoid structure (yellow) 
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In this way, it is necessary to select a monomer and a photo initiator to 
utilize a structure or reaction in which the conjugated system does not 
increase or does not easily increase. 

 
Physical properties of Direct Aligner 

 
When a 0.75 mm-thick test sample formed by the 3D printer of a 
photopolymer prepared based on the above knowledge was bent 
broken with 180 degrees bent at 364 times. This Direct Aligner shows 
476 J/m at Izod Impact Strength and 93 MPa at Flexural Modulus. No 
yellowing was observed after 24 hours of light irradiation with a 365 nm 
low pressure mercury lamp 

 
C) Concluson 
 

The photocurable resin for 3D printer has not been able to satisfy the 
physical properties until now with the biocompatible resin. By devising the 
safety of the monomer used for the photocurable resin and the 
photoreaction, we were able to design a resin that achieves both 
biocompatibility and physical properties. 
 

D) Acnowlegemen 
 
Direct aligner was molded by Rapid Manufacturing Akihabara Inc. 
Cytotoxicity was measured by BURMS. 
Aligner in general was advised by Associate Professor Haruhisa Nakano 
and Professor Koutaro Maki of Showa University, School of Dentistry 
and 
We were advised Professor Takashi Karatsu of Chiba University, Faculty of 
Engineering, Department of Applied Chemistry & Biotechnology. 
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Additive Fertigung bei TMG - vom Windkanalmodell in den Motorsport zur 
Kleinserie 
Additive manufacturing at TMG – from wind tunnel models to motorsports 
to small scale production 
 
Alexander Liebold 
Toyota Motorsports GmbH (TMG)  
 

Kurzfassung 
 
TMG ist ein einzigartiges, auf Hochtechnologie spezialisiertes Test- und 
Entwicklungsunternehmen im Herzen Europas - in Köln, Deutschland. Die TMG 
ist eine hundertprozentige Tochtergesellschaft der Toyota Motor Corporation. 
Die zahlreichen hochtechnologischen Dienstleistungen des Unternehmens 
werden nicht nur von TMG genutzt, wir bieten unseren vollen Leistungsumfang 
im selben Maße für Fremdkunden an, wie dies bereits für die verschiedenen 
Unternehmen der Toyota-Familie üblich ist. 
 
Durch die Aktivitäten an der Spitze des internationalen Motorsports hat sich 
TMG zu einem Komplettanbieter für spezialisierte Dienstleistungen entwickelt, 
spezialisiert auf Forschung und Entwicklung im Bereich Automobilbau und 
Motorsport. TMG ist in der Lage auch für Ihr Projekt individuell zugeschnittene 
Lösungen zu entwickeln. Nicht umsonst trägt unser Unternehmen den 
Beinamen „The Home of High Performance“.   
 
Zu diesen Dienstleistungen gehört seit 2001 auch die additive Fertigung bei 
TMG. Die beiden Verfahren des „Selective Laser Sintering“ (SLS) und der 
„Sterolithography“(SLA) wurden durch die aktive und gemeinsame Entwicklung 
mit unseren Partnern stetig weiterentwickelt, so dass wir über die Fertigung von 
Windkanalmodellen schnell den Einstieg in die Fertigung von Motorsport-
Prototypen und Funktionsbauteilen gefunden haben. Der Vortrag gibt Einblicke 
in die Historie, den Status Quo, aktuelle Themen und Problemstellungen, sowie 
einen Ausblick auf die Zukunft der additiven Fertigung von Kunststoffbauteilen 
bei TMG. 
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Short Abstract 
 
TMG is a unique high-performance testing and development facility located in 
the centre of Europe; in Cologne, Germany. 
 
Specialising in high technology, TMG is a wholly-owned subsidiary of the 
Toyota Motor Corporation and offers its services to external clients as well as 
members of the Toyota family. 
 
From its roots at the pinnacle of world motorsport, TMG has developed into a 
one-stop shop for specialised services, not just from the automotive world but 
from most sectors. 
 
We offer individually-tailored solutions to enhance your next project, from full 
project fulfilment to specific services – all under one roof at TMG. 
 
Additive manufacturing is part of those individually-tailored solutions since 2001 
at TMG. All started with “selective laser sintering” (SLS) and “Stereolithography” 
(SLA) and producing parts for wind tunnel testing. The constant development of 
additive manufacturing with our strong partners has led to prototype and 
functional part printing today. The presentation gives an overview on our 
history, status quo, current issues and gives an outlook in future additive 
manufacturing of plastic parts at TMG. 
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Langfassung 
 

1.1 Historie Toyota Motorsport GmbH (TMG) 

Seit 1979 betreut die in Köln ansässige Toyota Motorsport GmbH verschiedene 
hochrangige Motorsportprogramme und betreibt ein Tuning- und 
Sportzubehörgeschäft. Das Unternehmen wurde in Köln als Toyota Team 
Europe (TTE) gegründet und entwickelte sich rasch zum Synonym für Erfolge 
bei den Rallye-Weltmeisterschaften. 

Unter der Leitung von Ove Andersson stand das Toyota Team Europe 
regelmäßig auf dem Siegertreppchen. Besonders stark präsentierte sich das 
Team bei der Safari-Rallye, die es viermal in fünf Jahren – von 1984 bis 1988 – 
mit verschiedenen Versionen des Toyota Celica gewann. Zur selben Zeit 
weitete TTE sein Wettbewerbsengagement international aus und verhalf 
Mohammed Bin Sulayem zu vier aufeinanderfolgenden Nahost-
Rallyemeisterschaften. Schon bald, im Jahr 1990, folgte der Weltmeistertitel, als 
Carlos Sainz die Fahrermeisterschaft am Steuer eines Toyota Celica GT-Four 
gewann, der durch TTE vorbereitet und betreut wurde. Zwei Jahre später fügte 
er diesem Erfolg einen weiteren Weltmeistertitel hinzu. 

1993 gewann TTE seinen ersten Konstrukteurstitel. Außerdem holte Juha 
Kankkunen die Fahrerkrone und sorgte so für einen historischen Doppelsieg, 
der im Jahr darauf sogar wiederholt wurde. Im selben Jahr wurde TTE in Toyota 
Motorsport GmbH (TMG) umbenannt, nachdem die Toyota Motor Corporation 
(TMC) Alleineigentümerin geworden war. 

Im Jahr darauf begann TMG seine Diversifizierung und gründete eine Tuning-
Tochter mit dem Namen TTE – zu Ehren der Rallye-Erfolge, die unter diesem 
Banner gefeiert wurden. Das Unternehmen setzte daraufhin seine Rallye-
Erfolge fort. Das Team gewann 1994 beide Weltmeisterschaften: Didier Auriol 
holte den Fahrertitel, und TMG gewann die Konstrukteursmeisterschaft. 1996 
brachte TTE seine ersten Tuning-Produkte europaweit auf den Markt, während 
TMG auf der Rennstrecke mit Armin Schwarz die europäische 
Rallyemeisterschaft gewann. Nach seiner Diversifizierung aus dem Rallye-Sport 
in den Bereich der Tuning-Teile ging TMG 1998 den nächsten Schritt und 
beteiligte sich mit dem GT-One am 24-Stunden-Rennen von Le Mans. 

Schon während des ersten Rennens bei den 24 Stunden von Le Mans fuhr der 
GT-One die schnellste Runde und stellte den Geschwindigkeitsrekord unter den 
Teilnehmern dieser Veranstaltung auf. Diese Leistungen wurden 12 Monate 
später wiederholt, als der GT-One außerdem von der Pole-Position startete. Am 
Ende aber reichte es nicht ganz: Der GT-One fuhr diesmal „nur“ auf den 2. 
Platz. Im selben Jahr beendete TMG seine Teilnahme am internationalen 
Rallyesport – verdientermaßen nicht, ohne noch einmal 
Konstrukteursweltmeister geworden zu sein. Während seiner internationalen 
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