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SUMMARY

Additive manufacturing, or 3D printing, offers a new paradigm for the way functional 
products are designed, manufactured, and assembled. Its additive nature provides the 
ability to create complex-shaped parts, without an increase in production time or costs, 
which would be difficult to produce with conventional manufacturing. In addition, in-
tegration of different functions and materials allows for the production of completely 
functional assemblies or mechanisms that can be produced in a single production step, 
known as non-assembly additive manufacturing. These mechanisms are functional im-
mediately after 3D printing, without requiring additional assembly steps. Non-assembly 
mechanisms have some advantages over traditional assembly-based mechanisms, as they 
reduce the processing time and costs, and allow for an increase in complexity.

In the medical field, non-assembly designs enable the creation of increasingly com-
plex devices that can facilitate a wide range of complex operations. In conventional 
medical device manufacturing, intricate components are typically produced separately 
and then assembled, a process that introduces complexities, costs, and potential points 
of failure. Non-assembly additive manufacturing addresses these challenges by allowing 
the creation of complex medical structures, such as surgical instruments, prosthetics, and 
patient-specific implants, in a seamless and continuous manner. For the production of 
complex medical devices with miniature- and micro-sized components, for which con-
ventional assembly processes can be long and time-consuming, non-assembly manufac-
turing can shorten the total manufacturing time, reduce costs, and eliminate the need for 
specialized knowledge and tools for the assembly and fine-tuning of the device. This effi-
ciency is particularly crucial in the medical field, where timely access to customized and 
precise solutions can significantly impact patient outcomes.

Non-assembly additive manufacturing also has the potential to drive innovation in 
medical device design. Designers and engineers can explore new possibilities, pushing 
the boundaries of what is achievable in terms of functionality, customization, and pa-
tient-specific adaptations. Therefore, the main purpose of the research described in this 
thesis, is to explore the possible contributions of non-assembly additive manufacturing 
to the production of complex medical devices. This thesis is divided into two parts: state-
of-the-art of current 3D printed non-assembly mechanisms and their challenges (Chapter 
2 – 4); and exploring design opportunities of additive manufacturing for non-assembly by 
means of the design of novel medical devices (Chapters 5 – 9). 

In Part 1, Chapter 2 reviews the state-of-the-art of non-assembly mechanisms by 
means of a systematic literature review. Categorized by production considerations, the 
review discusses challenges and opportunities for various types of mechanisms. This re-
view aims to provide a comprehensive overview of best-practice examples that can be used 
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as inspiration for further development of innovative non-assembly mechanisms. It high-
lights the potential applications in healthcare and aerospace engineering and stresses the 
importance of tools and methodologies to navigate the expansive design space provided 
by additive manufacturing. One of the challenges that was identified for non-assembly 
additive manufacturing is that standard components, which ordinarily can be bought 
off-the-shelf, need to be redesigned to work with the constraints of the additive manu-
facturing technology and materials. Therefore, Chapter 3 reviews the state-of-the-art for 
3D printed springs, examining both scientific and hobbyist contributions. The springs 
were categorized into planar and spatial designs, and their design, 3D print technology, 
materials, and settings were analysed. Scientifically derived springs focus more on spa-
tial designs, while hobbyist creations are diverse and creative, with an inclination towards 
planar designs. The chapter provides a comprehensive overview of the possibilities and 
best practices for functional 3D printed springs, serving as a resource for future research 
and inspiration.

Another challenge identified in Chapter 2, is that the interconnected structure of 
non-assembly mechanisms offers little room for post-processing operations. Therefore, 
Chapter 4 examines the challenges of poor surface finish in metal additive manufacturing 
on a complex-shaped part. Focusing on centrifugal disk finishing, this Chapter illustrates 
a method to visualize the impact of surface finishing techniques on geometric features. 
Through a case study, the research offers specific design guidelines for metal 3D printed 
parts subjected to centrifugal disk finishing. The proposed visualization method can be 
considered a tool for gaining insights into the influence of various polishing methods and 
aiding in the design process.

Part 2 presents several designs of non-assembly 3D printed medical devices. Chapter 
5 focuses on Stereolithography as an emerging additive manufacturing technology for 
miniature medical applications, specifically addressing challenges in creating sub-milli-
meter features for a miniature trocar used in ophthalmic surgery. The research was per-
formed in two stages: in the first stage the effect of different materials and print settings 
on the current design of the parts of the trocar was investigated, identifying issues related 
to hollow features and proposing strategies to overcome them, and in the second stage 
these findings were used to optimize the design and production process. The optimized 
trocar design demonstrates the potential of overcoming production limitations by lever-
aging the geometrical complexity of additive manufacturing, in order to create miniature 
features using SLA in various contexts.

Chapter 6 introduces a fully 3D-printed, minimum assembly steerable instrument for 
laparoscopic surgery. The design, named 3D-GriP, has a pistol-grip handle with a compli-
ant end-effector actuated by cables, allowing omnidirectional steering, and consists of 
only five separate 3D printed parts, by making use of compliant joints and snap-fit con-
nectors which simplify assembly. The use of additive manufacturing allows for personali-
zation of the handle to each surgeon’s needs, aiming to increase the user’s comfort during 
use. Chapter 7 presents the design of an ultraslender steerable light pipe, named Acci, for 
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use in eye surgery. Printed using Stereolithography, the entire handle and end-effector 
can be produced in a single production step, with the exclusion of the optical fiber that is 
inserted afterwards and functions as actuation cable as well. This Chapter demonstrates 
the potential of additive manufacturing for a non-assembly instrument as part sizes ap-
proach the maximum resolution of the additive manufacturing method. 

Chapter 8 explores the design of a non-assembly vitrectome mechanism for eye sur-
gery using multi-material PolyJet printing, with strict requirements for its performance. 
A pneumatically actuated dual diaphragm mechanism was proposed to generate the lin-
ear motion required for this mechanism, showing promise in terms of displacement and 
force, although viscoelastic properties of the printing materials influenced the perfor-
mance of the mechanism. To negate some of the limitations of the PolyJet technology, 
such as the need for support material, “smart assembly” solutions were introduced, allow-
ing the design to be produced more efficiently. 

Chapter 9 investigates the potential of designing a non-assembly steerable surgical 
instrument using Selective Laser Melting. Low-friction rolling joints with grid-based lat-
tice structures as flexures were explored for the design. The resulting steerable surgical 
instrument, with no need for surface finishing, highlights the possibilities of additive 
manufacturing in creating functional medical products with high shape complexity and 
no assembly, conjured by means of a 3D printer-driven design process. 

This thesis demonstrates that non-assembly additive manufacturing can contribute 
to a new generation of medical devices, leveraging the inherent design freedom of addi-
tive manufacturing to enhance functionalities without assembly constraints. Additive 
manufacturing opens opportunities for the creation of surgeon- and patient-specific de-
vices, allowing on-demand production without the need for extensive manufacturing and 
assembly facilities, thereby facilitating localized manufacturing.
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SAMENVATTING

Additieve productie, ook bekend als 3D-printen, biedt een nieuw paradigma voor de 
manier waarop functionele producten voor medische toepassingen worden ontworpen, 
vervaardigd en geassembleerd. De additieve aard biedt de mogelijkheid om complex ge-
vormde onderdelen te creëren zonder toename van de productietijd of kosten, iets wat 
moeilijk te realiseren is met conventionele productiemethoden. Bovendien maakt de 
integratie van verschillende functies en materialen het mogelijk volledig functionele as-
semblages of mechanismen te produceren die in één enkele productiestap kunnen worden 
vervaardigd, bekend als montageloze additieve productie. Deze mechanismen zijn direct 
functioneel na het 3D-printen, zonder dat aanvullende montagestappen nodig zijn. Mon-
tageloze mechanismen hebben enkele voordelen ten opzichte van traditioneel geassem-
bleerde mechanismen, omdat ze de verwerkingstijd en -kosten verminderen en het mo-
gelijk maken de complexiteit te vergroten.

In het medische veld maken montageloze ontwerpen het mogelijk om steeds complex-
ere apparaten te creëren die een breed scala aan ingewikkelde operaties kunnen verge-
makkelijken. In de conventionele productie van medische apparaten worden complexe 
componenten doorgaans afzonderlijk geproduceerd en vervolgens geassembleerd, een 
proces dat complexiteit, kosten en potentiële faalpunten introduceert. Montageloze addi-
tieve productie vermindert deze uitdagingen door het mogelijk te maken complexe medis-
che structuren te creëren op een naadloze en continue manier, zoals bijvoorbeeld chirur-
gische instrumenten, prothesen en op maat gemaakte implantaten. Voor de productie van 
complexe medische apparaten met miniatuur- en micro-onderdelen, waar conventionele 
assemblageprocessen lang en tijdrovend kunnen zijn, kan montageloze productie de to-
tale productietijd verkorten, kosten verminderen en de noodzaak voor gespecialiseerde 
kennis en gereedschappen voor de montage en fijn-afstemming van het apparaat elim-
ineren. Deze efficiëntie is met name cruciaal in het medische veld, waar tijdige toegang 
tot op maat gemaakte en nauwkeurige oplossingen de patiëntresultaten aanzienlijk kan 
beïnvloeden.

Montageloze additieve productie heeft ook het potentieel om innovatie in het ontwerp 
van medische apparaten te stimuleren. Ontwerpers kunnen nieuwe mogelijkheden verk-
ennen door de grenzen van wat haalbaar is op het gebied van functionaliteit, maatwerk en 
patiënt-specifieke aanpassingen te verleggen. Daarom is het hoofddoel van het onderzoek 
beschreven in dit proefschrift om de mogelijke bijdragen van montageloze additieve pro-
ductie aan de productie van complexe medische apparaten te verkennen. Dit proefschrift 
is verdeeld in twee delen: de huidige stand van zaken op het gebied van 3D-geprinte 
mechanismen en het verkennen van de beperkingen van additieve productie technologie 
(hoofdstuk 2-4); en het exploreren van ontwerpkansen die additieve productie biedt door 
middel van het ontwerpen van nieuwe medische apparaten (hoofdstukken 5-9). 
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In Deel 1 geeft Hoofdstuk 2 een overzicht van de stand van zaken op het gebied van 
montageloze mechanismen door middel van een systematische literatuurstudie. Gecat-
egoriseerd naar overwegingen omtrent de productie bespreekt de studie uitdagingen 
en kansen voor verschillende soorten mechanismen. Deze studie beoogt een uitgebreid 
overzicht te bieden van de beste praktijkvoorbeelden die als inspiratie kunnen dienen 
voor verdere ontwikkeling van innovatieve montageloze mechanismen. Het belicht de 
potentiële toepassingen in de gezondheidszorg en de ruimtevaarttechniek en benadrukt 
het belang van hulpmiddelen en methodologieën om de uitgebreide ontwerpruimte van 
additieve productie te navigeren. Eén van de uitdagingen die werden geïdentificeerd voor 
montageloze additieve productie is dat standaardcomponenten, die normaal gespro-
ken kant-en-klaar kunnen worden gekocht, opnieuw moeten worden ontworpen om te 
werken met de beperkingen van de 3D-printtechnologie en materialen. Daarom bekijkt 
Hoofdstuk 3 de stand van zaken voor 3D-geprinte veren, waarbij zowel wetenschappeli-
jke als hobbybijdragen worden onderzocht. De veren werden gecategoriseerd in vlakke 
en ruimtelijke ontwerpen, en hun ontwerp, 3D-printtechnologie, materialen en instel-
lingen werden geanalyseerd. De wetenschappelijk bijgedragen veren richten zich meer op 
ruimtelijke ontwerpen, terwijl hobby-creaties divers en creatief zijn, met een neiging naar 
vlakke ontwerpen. Het hoofdstuk biedt een uitgebreid overzicht van de mogelijkheden en 
beste praktijkvoorbeelden voor functionele 3D-geprinte veren, als een bron voor toekom-
stig onderzoek en inspiratie.

Een andere uitdaging die werd geïdentificeerd in Hoofdstuk 2, is dat de onderling ver-
bonden structuur van montageloze mechanismen weinig ruimte biedt voor nabewerking. 
Daarom onderzoekt Hoofdstuk 4 de uitdagingen van een slechte oppervlakteafwerking 
bij metalen additieve productie op een complex gevormd onderdeel. Met de focus op cen-
trifugaal schijfpolijsten illustreert dit hoofdstuk een methode om de impact van opperv-
lakteafwerkingsmethoden op geometrische vormkenmerken te visualiseren. Door mid-
del van een case study biedt het onderzoek specifieke ontwerprichtlijnen voor metalen 
3D-geprinte onderdelen die bewerkt moeten worden met centrifugaal schijfpolijsten. De 
voorgestelde visualisatiemethode kan worden gebruikt om inzicht te krijgen in de invloed 
van verschillende polijstmethoden en om als ondersteuning bij het ontwerpproces.

Deel 2 presenteert verschillende ontwerpen van 3D-geprinte montageloze medische 
apparaten. Hoofdstuk 5 richt zich op stereolithografie als een opkomende 3D-printtech-
nologie voor miniatuur medische toepassingen en behandelt specifiek uitdagingen bij 
het creëren van sub-millimeter vormkenmerken voor een miniatuur trocar gebruikt in 
oogheelkundige chirurgie. Het onderzoek werd uitgevoerd in twee fasen: in de eerste fase 
werd het effect van verschillende materialen en printinstellingen op het huidige ontwerp 
van de delen van de trocar onderzocht, waarbij problemen met holle vormkenmerken 
werden geïdentificeerd en strategieën werden voorgesteld om deze te overwinnen, en in 
de tweede fase werden deze bevindingen gebruikt om het ontwerp- en productieproces te 
optimaliseren. Het geoptimaliseerde trocar-ontwerp toont het potentieel om productieb-
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eperkingen te overwinnen door gebruik te maken van de geometrische complexiteit van 
additieve productie, om zo miniatuurvormkenmerken te creëren met behulp van stereo-
lithografie in verschillende contexten.

Hoofdstuk 6 introduceert een volledig 3D-geprint, minimaal-montage stuurbaar 
instrument voor laparoscopische chirurgie. Het ontwerp, genaamd 3D-GriP, heeft een 
pistoolhandgreep met een flexibele eindgrijper aangedreven door kabels, waardoor om-
nidirectioneel sturen mogelijk is, en bestaat uit slechts vijf afzonderlijke 3D-geprinte 
onderdelen, door gebruik te maken van flexibele gewrichten en snap-fit connectoren die 
de montage vereenvoudigen. Het gebruik van additieve productie maakt personalisatie 
van de handgreep mogelijk naar de behoeften van elke chirurg, met als doel het comfort 
tijdens gebruik te vergroten. Vergelijkbaar, Hoofdstuk 7 presenteert het ontwerp van een 
ultraslank stuurbaar lichtpijpje, genaamd Acci, voor gebruik in oogheelkundige chirur-
gie. Het hele handvat met eindgrijper kan in één productiestap worden geproduceerd met 
stereolithografie, met uitzondering van de optische vezel die naderhand wordt ingebracht 
en tevens fungeert als activeringskabel. Dit Hoofdstuk laat de mogelijkheden zien van het 
gebruik van additieve productie voor een montageloos miniatuurinstrument wanneer op 
de grenzen van de maximale resolutie wordt ontworpen. 

Hoofdstuk 8 verkent het ontwerp van een montageloos vitrectoommechanisme voor 
oogchirurgie met behulp van multimateriaal PolyJet-printen, waarbij strikte eisen ver-
bonden zijn aan het functioneren van het mechanisme. Een pneumatisch aangedreven 
dubbel diafragma-mechanisme werd voorgesteld om de benodigde lineaire beweging te 
genereren, welke veelbelovend bleek op het gebied van verplaatsing en kracht, hoewel de 
visco-elastische eigenschappen van de printmaterialen de prestaties van het mechanisme 
beïnvloedden. Om enkele van de inherente beperkingen van de PolyJet-technologie te 
compenseren, zoals de noodzaak van ondersteuningsmateriaal, werden “slimme mon-
tage” oplossingen geïntroduceerd, waardoor het ontwerp efficiënter kon worden gepro-
duceerd.

Hoofdstuk 9 onderzoekt de mogelijkheid om een volledig montageloos stuurbaar 
chirurgisch instrument te ontwerpen met behulp van Selective Laser Melting, zonder de 
noodzaak van oppervlakteafwerking. Wrijvingsarme rollende gewrichten met rastervor-
mige latwerkstructuren als flexuren werden onderzocht voor het ontwerp. Het resulter-
ende stuurbare chirurgisch instrument belicht de mogelijkheden van additieve productie 
bij het creëren van functionele medische producten met een hoge vormcomplexiteit en 
zonder montage, tot stand gekomen door middel van een door de 3D-printer aangedreven 
ontwerpproces.

Dit proefschrift toont aan dat montageloze additieve productie kan bijdragen aan een 
nieuwe generatie medische apparaten, waarbij de inherente ontwerpvrijheid van addi-
tieve productie wordt benut voor het verbeteren van de functionaliteit zonder montage-
beperkingen. Additieve productie creëert mogelijkheden voor op maat gemaakte appa-
raten voor chirurgen en patiënten, waardoor productie op aanvraag mogelijk is zonder 
uitgebreide productie- en assemblagefaciliteiten, en opent daarmee deuren voor lokale 
productie.
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1 1.1 BACKGROUND
For as long as humans have been around, we have felt the need to create tools to improve 
the quality of our lives. Starting from simple tools made in the Stone Age that made it 
easier to acquire basic necessities, technological progress over millions of years has ena-
bled us to make increasingly complex products that affect every aspect of our lives. One of 
the main contributors to making complex products is the ability to assemble them from 
a collection of individually fabricated parts. From early humans that figured out how to 
attach a stone axe head to a wooden stick, to airplanes that consist of literally thousands of 
parts. Assembly of products enables us to combine different types of materials and differ-
ent production techniques, allowing optimization of each part according to its function.

Until recently, assembly was only accomplished by hand, with some help from hand 
tools [1]. Well into the nineteenth century, skilled laborers had to make on-the-spot ad-
justments to parts in order to assemble them [1]. The invention of the automated assem-
bly line by Henry Ford led to the age of mass production by increasing the accuracy and 
repeatability of fabrication machinery [1], [2]. At first, automatic assembly lines were de-
veloped to assemble simple products in a fast and efficient way. Later, in the 1970s, robot-
ic assembly gained traction, with the goal of replacing certain human tasks with robots, 
a development that is still progressing to this day. Such high-tech assembly methods rely 
on economies of scale to be economically feasible, which means they are only available for 
mass-produced products. 

As products become more complex, their individual parts tend to become smaller. For 
instance, a smartphone consists of components with sizes ranging from macro-scale to 
nano-scale (Figure 1.1). Each of these size ranges requires the use of different materials 
and assembly techniques to produce and place the components the right way [3]. Particu-
larly assembly of very small components on the micro- and millimetre scale remains chal-
lenging, since traditional production methods have difficulty achieving the necessary 

Figure 1.1: Classification of manufacturing scales with example technologies. Nanomanufacturing: de-
tail of the tip of an electrospray emitter covered in carbon nanotubes [11]. Micromanufacturing: meshed gear 
teeth of a drive gear and a linear rack used in MEMS [12]. Mesomanufacturing: an insect-sized robot capable of 
flight, ground, and water surface locomotion [13]. Macromanufacturing: stone axes as manufactured by early 
humans [public domain]. 
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1precision and tolerances at this size range [4]–[6]. For miniaturized products with high re-
quired precision, manual assembly still prevails [6]. However, manual assembly methods 
are time-consuming, costly, and susceptible to human error. A solution could be to reduce 
or eliminate the necessary assembly steps for micro-devices through a higher level of in-
tegration between components. To achieve this, it is necessary to consider integration of 
components, production, and material choices in the early stages of the design process [5], 
[6]. This requires a change in the way of thinking, using new design principles and solu-
tions, such as origami and folding approaches [7], ‘pop-up’ mechanisms [8], compliant 
mechanisms [9], and self-assembling machines [10], as well as new production technolo-
gies, such as Additive Manufacturing (AM).

1.2 ADDITIVE MANUFACTURING

1.2.1 Technology
Conventional manufacturing methods are often subtractive in nature, which means that 
they rely on material to be removed in order to fabricate a part. In contrast, AM or 3D 
printing are processes that build objects directly from a Computer Aided Design (CAD) 
model in a layer wise fashion, adding material only where needed [14]. This results in less 
waste and increased design freedom compared to conventional manufacturing methods. 
A large variety of AM technologies exist, with more being developed every day. The Amer-
ican Society for Testing and Materials (ASTM) [15] recognizes seven different groups of 
AM technologies: 1) binder jetting, 2) direct energy deposition, 3) material extrusion, 4) 
material jetting, 5) powder bed fusion, 6) sheet lamination, and 7) vat photo-polymeriza-
tion. These technologies differ based on the nature of their input materials, for instance 
in liquid-, powder-, or filament form, and the manner in which they fuse or solidify the 
material, for instance by means of photopolymerization or thermal energy. The working 
principles of four common AM techniques: material extrusion, vat photo-polymeriza-
tion, powder bed fusion, and material jetting, are illustrated in Figure 1.2. AM enables 
the creation of complex, customized products with reduced resource consumption. How-
ever, some limitations of AM include the limited choice of materials, poor surface finish, 
anisotropic material properties, and specific design constraints, such as the need to use 
support material. 

1.2.2 Non-assembly manufacturing
The additive nature of AM brings many advantages in the way we can design and manu-
facture products, such as the ability to create complex-shaped parts, without an increase 
in production time or costs. This potential for complexity offers opportunities for the 
production of mechanical assemblies on a micro-scale. By integrating multiple, separate 
parts into one complex-shaped part, the number of components can be reduced, which 
is known as “part consolidation” [16]–[18]. The goal of part consolidation is to integrate 
as many functions as possible into one part, and thereby reducing the need to assemble 
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multiple parts [14]. Further integration of different functions and materials allows for 
the production of completely functional assemblies or mechanisms that can be produced 
in a single production step, known as non-assembly manufacturing (Figure 1.3) [19], [20]. 
These mechanisms are functional immediately after 3D printing, without requiring addi-
tional assembly steps, although some post-processing may still be required. 

Although the concept of non-assembly manufacturing has received renewed attention 
with the advent of AM, examples of non-assembly mechanisms were already produced 
in ancient China, in the form of puzzle balls meticulously carved by hand out of a solid 
block of ivory (Figure 1.4a). Naturally, these took incredible effort and time to produce. 
AM makes it possible to produce similar structures in a fraction of the time (Figure 1.4b). 
Non-assembly AM has been explored in for instance rigid-body joints [21]–[23] and rig-
id-body mechanisms [24], [25]. There are multiple advantages to non-assembly manu-
facturing for the production of complex mechanisms with micro- and miniature-sized 
components. Since there is a reduction in necessary post-processing operations, the total 
manufacturing time can be shortened, which in turn reduces costs. In addition, non-as-
sembly AM reduces the need for specialized knowledge and tools for the assembly and 
fine-tuning of the mechanism, as well as reduces potential points of failure during manu-

Figure 1.2: Working principle of four commonly used AM technologies. a) In material extrusion, a solid 
thermoplastic in the form of a thin filament is fed through a heated nozzle to deposit the melted plastic onto 
a build plate. b) In vat photo-polymerization, a liquid photocurable resin is cured by means of a UV-laser. c) In 
powder bed fusion, a metal or plastic powder is sintered by means of a laser. d) In material jetting, one or more 
liquid photocurable materials are deposited in droplets on the build plate and cured with UV-light. 
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al assembly. Therefore, non-assembly AM has the potential to streamline the production 
process of micro-mechanisms. 

1.3 MEDICAL DEVICES

1.3.1 The rise of minimally invasive surgery
The first surgical procedures performed on the human body were practiced as early as 
3000 BC and consisted of cutting holes in the skull to treat medical or ‘mystical’ condi-
tions. The primitive tools used for this practice were of a very simple design, as evidenced 
by bronze archaeological findings [26]. Since then, a lot has changed in the field of surgery 
and medical devices. Nowadays, invasive surgical procedures are prevented whenever pos-
sible, instead Minimally Invasive Surgery (MIS) is performed. In MIS, only one to three 
small incisions are created in the body that act as entry ports for slender rigid surgical 
instruments. Usually, temporary ports called trocars are placed in the small incisions to 
facilitate the insertion of instruments and seal the body cavity. The advantages of MIS 
are a reduced risk of complications during surgery, such as infections or haemorrhaging, 
less pain and scar tissue for the patient, and a decrease in hospitalization time [27], [28]. 
However, these advantages come at the cost of reduced vision and mobility for the sur-
geon, leading to longer operative times [29], [30]. In contrast to open surgery, where the 
surgeon has direct vision and access to the operation area, in MIS, the surgeon’s perfor-
mance is hindered by indirect visualization and limited operational space to maneuver 
the instruments. The rigid, slender instruments, in combination with the small incision 
size, severely reduce the dexterity of the surgeon due to the loss of wrist articulation and 
limits the number of Degrees Of Freedom (DOF) of the instrument. Additionally, the sur-

Figure 1.3: Difference between traditional additive manufacturing, where it is necessary to produce and 
assemble individual parts, and non-assembly additive manufacturing, where the entire mechanism is printed 
in a single production step. The separate parts are shown in black, while the grey bars represent the support 
material. 
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geon has to cope with the fulcrum effect; the inversion of the handle movements at the 
end-effector, which is caused by the trocar that acts as a pivot point. 

Solutions have been proposed to overcome the limitations of MIS by enhancing the 
dexterity and functionality of instruments, using for instance wrist-like mechanisms and 
integrated sensors [31], [32]. This results in progressively intricate MIS instruments, con-
sisting of many small parts and mechanisms, with enhanced functionality for surgeons to 
work more efficiently. The complexity in design translates to complexity in production 
and assembly of these instruments, rendering it unfeasible to produce them on a larger 
scale or for reasonable costs. Currently, small, complex parts hinder instruments from be-
ing miniaturized [33]. Appropriate instrument sizes for MIS vary between different surgi-
cal areas, in laparoscopic surgery diameters range from 5 to 10 mm (Figure 1.5a), while in 
ophthalmic surgery current instrument diameters vary between 0.4 and 0.9 mm (Figure 
1.5b). Regardless of the surgical application area, there is a need for efficient production 
of complex, multi-functional surgical instruments, in increasingly small sizes. The main 
challenge with such instruments is that the more complex they get, the more difficult it 
is to produce and assemble them. In addition, since MIS instruments are often used as dis-
posable instruments, the costs of production should remain as low as possible.

1.3.2 Additive manufacturing of medical devices
The potential for geometrical complexity offered by AM is extremely suitable for the pro-
duction of medical devices that are patient-, clinician-, or function-specific. Therefore, 
in recent years AM has grown in importance in the medical domain [34], and has been 
applied in fields such as drug delivery systems [35], implants [36], anatomical models [37], 
surgical guides [38], prostheses [39], and surgical instruments [40]. Asides from the pos-
sibility to create customized, one-off devices on demand, non-assembly AM offers a par-
ticular advantage for the production of miniature medical devices, by reducing the num-
ber of assembly steps and thereby production costs. Non-assembly medical devices have 

Figure 1.4: Examples of non-assembly manufacturing. a) Ancient Chinese puzzle ball carved from a single 
block of ivory [image courtesy of Rijksmuseum (Amsterdam, The Netherlands)]. b) A similar structure of con-
centric balls 3D printed in a single production step. 
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been explored for the design of advanced, steerable end-effectors for minimally invasive 
instruments [41]–[44], as well as deployable implants [45], [46], and hand prostheses [47], 
using different types of AM technology. These examples illustrate that non-assembly 
mechanisms can contribute to the production of complex geometrical designs containing 
many small parts, for which an advantage in production time and cost can be obtained. 

1.4 GOAL OF THIS THESIS
Non-assembly AM has the potential to contribute to the design and production of com-
plex, miniature medical devices, because it can reduce production time and efforts for 
assembly. Instead, these devices can be optimized for their function, providing they take 
the design considerations for the specific AM process into account [48]. However, increas-
ing complexity also makes designing these mechanisms increasingly complex. Therefore, 
there is a need for new design strategies that focus on designing functional assemblies and 
mechanisms with all the design freedom that is provided by AM [49]–[51], instead of rely-
ing on the design knowledge for conventional production methods. Although various de-
sign methodologies for the design of non-assembly mechanisms have been proposed [49], 
[52], [53], none have truly succeeded to capture the difficulties and nuances of this level 
of design integration. Currently, there is no ‘one size fits all’ solution that can be applied 
to the design of such complex mechanisms. In addition, there are a number of challenges 
associated with the use of AM that can complicate non-assembly designs. For instance, the 
difficulty of creating tight tolerances and miniature features due to the limited manufac-
turing accuracy [54]–[56], the need for support structures [57], and the need for post-pro-
cessing operations, such as surface finishing techniques [58]–[61]. 

The main goal of this thesis is to present and evaluate innovative device designs devel-

Figure 1.5: Typical set-ups for minimally invasive surgery (MIS). In both laparoscopic surgery (a) and in 
eye surgery (b), a similar set-up with similar general purpose instruments is used, although the scale of the 
instruments differ. 
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1 oped to explore the possible contributions of non-assembly AM to the production of com-
plex medical devices. The designs are focused on utilizing the advantages of AM, while cir-
cumventing the limitations of the technology, such as the need for support structures and 
the poor surface quality. Through these explorations, the aim is to demonstrate that the 
free complexity offered by AM technology can be used to simplify the production chain, 
while at the same time advancing design opportunities for medical devices. This was sum-
marized into two main research objectives:

 • To investigate the state-of-the-art and identify the main challenges for implemen-
tation of non-assembly AM.

 • To develop 3D printed prototypes of novel medical devices that demonstrate that 
the free complexity offered by AM can be used to simplify the production chain, 
while at the same time advancing design opportunities for medical devices.

1.5 THESIS OUTLINE
This thesis is divided into two parts: 1) background on designing with 3D printing with 
state-of-the-art of non-assembly mechanisms (Chapter 2 – 4); and 2) exploring design op-
portunities for non-assembly by means of the design of novel medical devices (Chapters 
5 – 9). 

The first part starts with a review of current examples of non-assembly mechanisms 
in Chapter 2, analysing the design strategies used to create and 3D print them. This led to 
a classification of different types of non-assembly mechanisms, as well as insight into de-
sign opportunities and limitations of current AM technology. In Chapter 3, we reviewed 
3D printed springs. As functional, mechanical components, springs can play a vital role 
in non-assembly designs, but a lack of knowledge on how to design them can hinder their 
effective implementation into these mechanisms. Since there is a large hobbyist commu-
nity of 3D print enthusiasts, we included both 3D printed spring designs from laymen 
as well as scientific results. One limitation for medical devices produced in metal is the 
rough surface finish that requires post-processing. Therefore, in Chapter 4, we study the 
effects of a post-processing technology on complex 3D printed parts by means of a novel 
visualization method. 

The second part presents design opportunities for medical devices manufactured with 
different AM technologies. Chapter 5 explores the production of miniature medical de-
vices, by means of 3D printing a trocar as used in eye surgery, while circumventing the 
inherent resolution limitations of the used AM technology. In Chapter 6, we present the 
design of a compliant steerable grasper with a pistol-grip, consisting of only five separate 
components. Chapter 7 expands on Chapter 5, by exploring the design of a miniature 
steerable light pipe for eye surgery that is printed in a single step, with a single actuation 
cable. In Chapter 8, a miniature, high-precision instrument used in eye surgery is rede-
signed for non-assembly AM, with a specific focus on obtaining the required properties of 
the mechanism using 3D printing materials in limited space. In Chapter 9, we present the 
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design of a completely non-assembly steerable instrument 3D printed in titanium, which 
does not require any post-processing steps. As such, the design is low-friction and does 
not require additional components such as cables. Finally, Chapter 10 discusses the main 
findings of this thesis.
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Additive Manufacturing (AM) or 3D printing has enabled the production of increasingly 
complex parts that are difficult to produce with conventional manufacturing methods. 
Its additive nature has made it possible to create interlocking parts in a single production 
step. This creates opportunities for new ways of designing and producing mechanisms, 
which do not need to be assembled after production, called non-assembly mechanisms. 
Non-assembly mechanisms are different from traditional mechanisms, since they show 
an unprecedented integration between geometry, material and structure. In this review, 
by means of a systematic literature search the current state-of-the-art of non-assembly 
mechanisms is reviewed and analyzed based on the challenges encountered in their design 
and production. The found examples were categorized according to types of mechanism 
that have similar production considerations. Per category is discussed what the challenges 
and opportunities are for the design of non-assembly mechanisms. This review aims to 
provide a helpful overview of best-practice examples that can be used as inspiration for 
further development of innovative non-assembly mechanisms.
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2.1 INTRODUCTION
Additive Manufacturing (AM) or 3D printing is changing the way products are designed 
and manufactured. Recent developments in the quality and resolution of 3D printers 
have made AM a viable production method for parts and products, instead of only being 
used for prototyping. This has led to an increased interest in using AM for the production 
of functional assemblies.
Traditionally, most products can be seen as a collection of individually fabricated parts, 
which are subsequently assembled into a working product. The assembly step can take up a 
lot of time and costs. Improvements to this step can be made by designing parts optimized 
for assembly [1]. AM offers opportunities in this respect because no compromises have to 
be made to simplify parts for assembly, instead they can be optimized for their function, 
provided they take the design considerations for the specific AM process into account [2]. 

Two of the most common ways in which AM can contribute to the design of mechan-
ical assemblies, is by considering an assembly as a collection of parts that either form 1) 
a rigid structure or 2) a movable mechanism [1]. In the case of a rigid structure, assembly 
is necessary because there is no efficient way to produce it as a whole, for instance due to 
limitations in materials, production techniques or costs. Although they consist of sepa-
rate parts, they require stiffness and rigidity between the part connections [1]. For exam-
ple, a table can be seen as a structural assembly, since the table top and the legs are often 
produced separately, consisting of different materials and made with different produc-
tion processes. However, the end result functions as one product. The shape complexity 
offered by AM can eliminate some of these production limitations by combining multi-
ple, separate parts, into one complex-shaped part; resulting in a reduction of the number 
of components [3,4]. This process is known as “part consolidation”, for which numerous 
design guidelines exist [3–8]. 

Moveable mechanisms, on the other hand, require assembling of multiple parts be-
cause there is a need for movement between the parts [1]. Traditionally, this has been 
achieved by separately fabricating parts with carefully measured out tolerances, and sub-
sequently assembling them into a mechanism. AM has also brought new possibilities for 
the production of movable mechanisms. There are three different ways to produce mova-
ble mechanisms by AM. First, using a traditional approach, in which separate components 
are produced and afterwards assembled, resulting in the same workflow as for mecha-
nisms produced by conventional manufacturing [9]. Second, using embedded assembly, 
in which one or more components, often of an electronic nature, are incorporated into the 
3D printed part, while it is still being produced [10]. An example of embedded assembly 
is integrating batteries or motors in 3D printed robots [11,12]. Finally, in non-assembly 
3D printing, fully functional assemblies or mechanisms are produced in a single produc-
tion step [10,13]. These 3D printed mechanisms are functional immediately out of the 
3D printer, although still some post-processing steps may be required, such as to remove 
support material [12,14–17].

In the past two decades, many examples of non-assembly mechanisms have appeared. 
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Often the term non-assembly is used to refer to multi-body mechanical assemblies [10]. 
However, any mechanism that is manufactured without an assembly step can be consid-
ered non-assembly. This includes mechanisms which do not need to be assembled by de-
sign, such as compliant mechanisms, which are monolithic structures consisting of only 
one part [18]. This shows that mechanisms do not necessarily need to consist of different 
parts, as long as they are able to transfer or transform motion [18]. Therefore, in this paper 
non-assembly mechanisms include all 3D printed devices that allow motion within their 
system, and can be produced in a single production step.

Designing non-assembly mechanisms requires re-thinking the way we design and 
manufacture traditional mechanisms. Specially developed design methodologies for AM 
have tried to come up with design guidelines to help with this [19–21]. These methodol-
ogies are often driven by the functionality of the mechanism, which in turn leads to the 
geometric design, material choice and specific AM process selection [5]. For the latter, ad-
ditional models have been proposed that can be helpful for designers to select the most 
suitable AM process for their design [22–24], or to optimize the settings of the chosen AM 
process with respect to factors such as dimensional accuracy and mechanical properties 
[25]. However, these methodologies offer little to help designers and engineers navigate 
the immense design space that is provided by AM [19–21]. The recent interest in produc-
ing multi-functional, complex systems that are operational straight out of the 3D printer 
shows that there is already a lot of knowledge to overcome the most common AM chal-
lenges. Therefore, in this review we provide an overview of the current state-of-the-art of 
non-assembly mechanisms, with a focus on design solutions and production considera-
tions to create fully functional designs. We categorize and analyze the mechanisms based 
on the described design challenges and design opportunities. 

2.2 LITERATURE SEARCH METHOD
A systematic literature search was performed using the Scopus and the Web of Knowledge 
databases on the topic non-assembly 3D printed mechanisms. The search query consisted 
of three categories of keywords:

1. related to the production method: 3D print*, additive manufactur*, rapid manu-
factur*;

2. related to the way of producing: non*assembl*, print-in-place, assembl* free, with-
out assembl*, fully assembled, monolithic, compliant, direct fabrication;

3. related to the product class: mechanism*, mechanical assembly, robot*, machine, 
joint*, device*.

The search was limited to articles in English, with no restrictions on the subject area or 
date, resulting in 744 articles from both databases. After eliminating duplicates, the scien-
tific articles were selected on a number of eligibility criteria. For the production method, 
AM methods were accepted that can be used on a macro-scale, this excludes lithography 
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and direct writing methods related to the production of nanoscale sensors. Bio-printing 
methods were also excluded. Titles and abstract were scanned to select the articles in which 
a physical mechanism was created by means of non-assembly AM, and for which AM was 
also the intended production method. This excludes mechanisms for which 3D printing 
is merely the prototyping method and not the main production method. In addition, the 
designed mechanism itself needed to be 3D printed, not only casings or frames. From the 
selected articles, the references were scanned for additional relevant articles that were not 
found by the query. In the end, 84 articles on non-assembly mechanisms were analyzed 
with respect to the design and production considerations for this review. 

2.3 CLASSIFICATION
The selected examples of non-assembly mechanisms span a wide range of different AM 
processes. Although each AM process has its own specific production guidelines, as is the 
case with every manufacturing process, there are a number of design considerations that 
are similar for all AM processes [2,26,27]. For example, maximum overhang angles, the 
need for support structures, and optimized build directions are all AM-specific produc-
tion considerations. These will inevitably influence the design process for non-assembly 
mechanisms as well. Therefore, it is possible to cluster them into groups for which sim-
ilar design challenges apply and similar design solutions can be used. The classification 
is visualized in Figure 2.1. Three main categories have been distinguished that are rep-
resentative for AM non-assembly mechanisms: 1) geometry-based mechanisms, 2) mate-
rial-based mechanisms, and 3) pattern-based mechanisms. Geometry-based mechanisms 
are a group of mechanisms where the functionality of the mechanism relies foremost on 
the geometry of the structure, which can be accomplished by using multiple bodies, such 
as for traditional mechanisms, or a single body, such as for compliant mechanisms. Mate-
rial-based mechanisms are a group of mechanisms in which the material is predominantly 
responsible for the functionality of the mechanism, making use of either a single flexible 
material or a flexible material combined with other (rigid) materials. Pattern-based mech-
anisms describe a group of mechanisms for which a pattern or repetition of a simple base 
unit is responsible for the functionality of the mechanism. In the following sections, ex-
amples of non-assembly mechanisms per category are discussed, focusing on the encoun-
tered design and production challenges and the identified design opportunities. 

2.4 GEOMETRY-BASED MECHANISMS

2.4.1 Multi-body 

Design Challenges
Multi-body mechanisms closely resemble the design of ‘traditional’ mechanisms, since 
they consist of separate parts. The clearances between the separate parts are challenging 
for most 3D print processes. Therefore, design solutions are necessary to create functional 



19

GEOMETRY-BASED MECHANISMS

2

mechanisms. Table 2.1 summarizes the challenges for multi-body mechanisms and their 
proposed solutions. 

Support structures are often necessary when designing multi-body mechanisms, since 
the bodies are separated from each other and cannot be printed in the air without support. 
The use of support structures has undesirable side effects: removing support material re-
quires an extra post-processing step, the area underneath the support structures usual-
ly has a diminished surface quality, and support structures require additional material 
that often cannot be reused. In addition, for complex geometries it can become difficult 
to create sufficient room for access to remove all support structures. Therefore, to allow 
for removal of the support material, the geometry should be designed as open as possible 
[16,28,31], or specific holes for the release of support should be integrated in the design 
[32]. 

The surface finish of AM parts can be of poor quality, because of the ‘staircase effect’ 
caused by the layered print process, the relatively low resolution of 3D printers, and the 
presence of support material that is locally fixed to the surface. Poor surface quality can 
hinder the movement of joints, especially in the case of full surface contact. The ‘staircase 
effect’ can be lessened by using angular geometric shapes instead of round and organic 
shapes, as was illustrated by the design of a rectangular prismatic joint [13], or by reducing 
the angle on overhanging geometry [17]. Reducing the surface contact between moving 
parts by using protrusions in the surface or markers and dents can negate the effects of 
poor surface quality [29,30,32,35], as shown in Figure 2.2. Surfaces that interact with each 
other should ideally be kept free from support material in order to maintain the best pos-

Non-assembly
mechanisms

Multi-materialMulti-body Mono-body Mono-material

Geometry-based Material-based Pattern-based

Figure 2.1: Classification of non-assembly mechanisms based on groups for which similar design challeng-
es apply. Geometry-based is a group of mechanisms where the functionality relies foremost on the geometry 
of the structure, material-based is a group of mechanisms in which the material is dominant for its function-
ality, and pattern-based is a group of mechanisms where a pattern of a simple base unit is responsible for its 
functionality. 
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Table 2.1: Challenges, general solutions and design solutions for the design of multi-body mechanisms, 
with corresponding references proposing/applying the solution. 

Challenge Solution Design solution Reference

Support structures

Prevent support structures

Reduce overhang angle [17]

Decrease clearances [13]

Allow support removal

Increase clearances [16][28]

Increase spacing between bodies [16] 

Add features such as chamfers [29][30]

Use open geometry [16][28][31]

Add drainage/release holes [32][33][34]

Surface finish

Reduce surface contact Add protrusions/markers & dents
[30][29]

[32] [35]

Prevent ‘staircase’ effect

Reduce overhang angle [17]

Use rectangular geometric 

shapes in favor of organic ones
[13]

Prevent supports
Keep interacting surfac-

es free from supports

[28]

Consider the build 

direction

Change the build direc-

tion to suit the design

[28][29]

[33] [34] 

Clearances Adjust geometry

Add markers and dents
[31][32][33] 

[35][36] 

Change main hinge shape
[17][37][13] 

[38] [32][39]

Scale entire mechanism up [16]

Strength

Adjust geometry
Optimize cross-section for 

the direction of movement
[28]

Consider the build 

direction

Change the build direc-

tion to suit the design
[29][40]
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sible surface finish [28]. In addition, rolling joints are less sensitive to poor surface finish 
as compared to sliding joints [28]. 

A small clearance can make a mechanism more accurate, but it might cause parts to 
fuse together while printing. A larger clearance can lead to less accurate movement in the 
final mechanism [37,41]. By changing the geometry of adjacent surfaces, it is possible to 
obtain the advantages of minimal clearances while preventing complete fusion. Adding 
markers and dents to moving surfaces is a successful strategy [31,32,35,36]. In this case, 
the clearance can be chosen slightly smaller than the minimum clearance needed to pre-
vent fusion. After the markers and dents fuse while printing, there is only a small overlap 
of material which can easily be broken apart, Figure 2.2. Since the minimal clearance is a 
fixed value per AM process, Jansen et al. [16] noted that by scaling the entire mechanism 
up, the influence of clearances will be relatively smaller. However, scaling the design of an 
entire mechanism will also result in scaling of the clearance between the parts. Therefore, 
Li et al. [41] set up a parametric design to enable scaling of revolute, prismatic, spherical 
and gear joints. This enabled them to scale all parts of the mechanism up or down, while 
making sure the clearance remained at the same minimum value given the used 3D print 
process. Because of the layer-wise construction of AM, parts tend to have anisotropic 
properties. The chosen build direction is of large influence on the resulting strength of 
the parts [29]. Especially for moving parts, care should be taken to choose the best build 
direction and cross-section in order to obtain optimum strength [28]. 

Design opportunities
Design guidelines and best practice examples can be useful when designing multi-body 
mechanisms, in order to make sure the design is attuned to the specifications of the chosen 
AM process. Cuellar et al. [28] give a list of ten guidelines to keep in mind when designing 
non-assembly mechanisms for FDM printing. Their guidelines were applied to the design 
of a low-cost prosthetic hand for developing countries. The mechanism in the prosthetic 

a) b) c)

Figure 2.2: Markers and dents can be added to the inside of a pin joint to obtain a smaller clearance and ne-
gate the effect of poor surface finish, by reducing the amount of surface contact. a) Top view of a marker-dent 
construction within the pin-joint, adapted from [35]. b) Top view of a marker-dent construction within the 
pin-joint, adapted from [32]. c) Side view of protrusions underneath the top of the pin, adapted from [29,30].



22

2. 3D PRINTING OF NON-ASSEMBLY MECHANISMS – A REVIEW

2

Figure 2.3: Prosthetic hand with a non-assembly mechanism. Although the mechanism has large clear-
ances, the joints automatically align because of the driving force [19].

Cst Cst

Cmin

Cmin

a) d)b)

Cst

e)

Cmin

c)
Figure 2.4: Different proposed shapes for a pin-joint in order to minimize the clearance in the mechanism. 
a) A standard pin joint shape with standard clearance (Cst). b) A drum-shaped pin-joint in which the minimum 
clearance (Cmin) is smaller than the standard clearance. c) A worm-shaped pin-joint. d) A drum-shaped pin-joint 
with a sharp transition. e) A drum-shaped pin-joint with a constant clearance. Adapted from [17,30,37–39,43]. 

a) b) c)

Figure 2.5: Examples of non-assembly ball joints. a) A regular ball joint. b) Design of a ball joint with open 
structure and ridges in order for it to be posable, adapted from [31]. c) Design of a ball joint with open structure 
and marker-dents in order for it to be posable, adapted from [36].
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hand was designed with large clearances to be easily printable, but when activated by the 
driving force the joints automatically align (Figure 2.3). This way they were able to create 
a functional adaptive prosthetic hand, specifically optimized for 3D printing. Sossou et al. 
[34] propose a design methodology, which starts from the conceptual design of the prod-
uct as an input. According to them, the functional constraints should be incorporated into 
the design context by means of an extensive functional analysis, while keeping in mind 
the constraints from the AM processes. By considering clearances, printing configura-
tions, build direction and accessibility to clearances, the position of each component and 
their geometry can be finalized.

The design of multi-body mechanisms often starts with the design of a single joint [13]. 
Best practice examples for multi-body joints include revolute joints [17,30,32,38,39,42], 
ball joints [13,31,36], and universal joints [29,30,37,43]. Revolute joints and universal 
joints both make use of pins. Altering the shape of the pin can ensure proper movement 
within the joint, without hindering the printability or the removal of supports. Figure 2.4 
shows a number of different pin shapes that have been proposed [16,17,30,37–39]. The 
goal is to design the pins with minimal clearance in the joint, while simultaneously al-
lowing for support material to be removed and preventing the joint from fusing. Adding 
chamfers or fillets to the edges of the joint creates as much space as possible for the re-
moval of support material [29,30]. A drum-shaped joint (Figure 2.4b) has proven a good 
alternative for a pin-shape [30,37,38]. The minimum clearance is determined by the wid-
est part of the drum, which reduces instability, while leaving enough space to remove sup-
port material on both ends. 3D printed drum-shaped joints have been shown to achieve 
smaller clearances than regular pin joints [30], as well as more uniform stress distribution 
and lower stress concentrations [38]. Wei et al. [39] took the drum-shape a step further 
and proposed a worm-shaped joint (Figure 2.4c), which showed less axial movement than 
the drum-shape when subjected to an asymmetrical load. A cross-shaped pin instead of a 
round one has been shown to facilitate in the removal of support powder, although the 

cross-shaped pin rotates less smoothly than the round pin [16]. 
Non-assembly ball joints have been designed for joints that are posable in any position 

[31,36,44], as shown in Figure 2.5. By creating an open structure, the support powder used 
in the AM process can be drained. Markers and ridges were added in the ball joint to create 
sufficient friction for the joint to assume any pose, while simultaneously preventing fu-
sion of the surfaces during printing. 

An example of a ‘joint-centered’ design process was shown by Jansen et al. [16]. They 
redesigned a ‘Strandbeest’, a robotic walking mechanism, to be non-assembly 3D-printa-
ble (Figure 2.6). Since they felt existing guidelines for design for AM were not sufficient 
for their mechanism, their process was one of trial-and-error, starting from the joints. By 
adjusting and testing multiple small sections of the mechanism first, they were able to 
optimize the design and functioning of the joints, before applying them in the complete 
mechanism. 
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2.4.2 Mono-body

Design Challenges
Challenges related to the design of mono-body mechanisms are summarized in Table 2.2. 
Mono-body mechanisms often suffer from limited mobility, due to rigidness of the mate-
rial. By increasing the length of the flexural part of a hinge, it is possible to create a large 
displacement joint. Spirals and helices are an ideal shape for this, since they can have long 
flexural members, while maintaining a compact size. Scarcia et al. [45] optimized the de-
sign of a spiral torsion spring to obtain a deflection/bending angle of up to 90o, as illus-
trated in Figure 2.7a. Mirth [47] proposed a tri-spiral hinge, shown in Figure 2.7b, which 
is self-centering due to its structure. The design of the hinge allows multiple links to be 
stacked on top of one another with a connecting core, creating 2D-layered mechanisms 
that can be printed without support on an FDM printer. Different bending angles can 
be obtained by means of adjusting the core diameter, spiral angle, pitch and thickness. 
Bending angles of up to 180o were developed this way, although the authors noted that the 
joints limited to 90o were most stable.

A major disadvantage of increasing the range of motion of flexural joints is parasit-
ic motion, which is out-of-plane, unwanted motion. To combat this, Tavakoli et al. [49] 
suggest avoiding elastomeric materials in favor of more rigid materials, since it is easier 
to control their bending direction. Mirth [50], Zhang et al. [52] and Tan et al. [51] have 
shown that by applying symmetry or by mirroring the geometry, parasitic motion can be 
reduced. Geometrical restrictions can be built into the design of a joint in order to ensure 
its stability [45,53]. Hu et al. [53] developed a flexible joint for snake-like instruments. A 
helical structure is used to obtain the mobility needed for a bending motion, while rolling 
contacts are added in the helix to prevent undesirable compression (Figure 2.7c). Merriam 
et al. [46] designed a pointer mechanism for use in space applications (Figure 2.8). In order 
to maintain a suitable range of motion, a thin, long flexure was used for the joints. For 
their application it was important that the mechanism had high precision and reliabili-
ty. To achieve this, they made the structure surrounding the flexures as rigid as possible, 

Figure 2.6: A non-assembly ‘Strandbeest’, a mechanical walking robot, by Jansen et al. [16]. 
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which has been found to significantly improve the precision by reducing parasitic motion 
[46,56]. 

The need for supports is less of a problem for mono-body mechanisms than it is for 
multi-body mechanisms. However, supports can still be undesirable. Decreasing the over-
hang angle is the most effective way to reduce the need for supports [46,54,55]. For mech-
anisms that are sufficiently small, support material may not be necessary. An example is 
the flexible helix joint designed by Hu et al. [53]. They found that due to the small size of 
the helix, the helix could be printed without support, with only a small deformation. This 
deformation was small enough not to affect the functioning of the joint. 

The fatigue life of flexural parts is directly influenced by the positioning on the build 

Table 2.2: Challenges and design solutions for mono-body mechanisms, with corresponding references 
proposing/applying the solution.

Problem Design solution Reference

Limited mobility Increase flexure length [45][46][47] [48]

Parasitic motion

Avoid elastomeric materials [49]

Mirror the geometry/apply symmetry [50][51][52]

Design geometric restrictions [45][53]

Replace serial mechanisms with 

parallel mechanisms
[51][45]

Increase structural stiffness of 

connecting structure
[46]

Support structures

Decrease overhang angle [46][54][55]

Scale part down [53]

Choose appropriate build direction [55]

Poor fatigue life

Provide a uniform stress distribution [53]

Avoid motion in the plastic region of the material [51]

Choose appropriate build direction
[53]

[51]

Limited material options
Adjust geometry according to material 

properties and choose suitable joints
[50][47][48]
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plate [51,53]. Ideally, all flexure parts should be located in planes parallel to the build plate, 
in order to ensure that the stress of bending will be carried by the material itself instead of 
by the inter-layer adhesion [51]. This will provide the optimal strength to the mechanism, 
even if this would mean that more support material is necessary. Additionally, for the 
longest life cycle, motion in the plastic region of the material should be avoided [48,51]. 
Bai and Rojas [57] tested two versions of a compliant joint based on a cross-four-bar-link-
age for a prosthetic finger. In order to mimic human joints, they added a contact surface 
in one instance and gear teeth in the other. A finite element analysis showed that the 
maximum stresses in the teeth-guided joint were 55% less than in the contact-aided joint, 
meaning that the gear teeth aided in distributing forces from the flexible compliant links.  

Although the materials options for AM are increasing rapidly, there are still limit-
ed options to choose from. For mechanisms with flexural parts, it is important that the 
used material has a certain flexibility and is not too brittle [50]. The best way to create 
joints and flexural elements is to adjust the geometry according to the material properties 
[47,48,50]. Mirth [47,50] has shown that longer beam-type flexural elements can success-

a) b) c)
Figure 2.7: Examples of mono-body hinges. a) Spiral torsion spring, based on [45]. b) Tri-spiral hinge, based 
on [47]. c) Helical joint with rolling contacts, based on [53]. 

Figure 2.8: Design of a pointer mechanism for space applications by Merriam et al. [46] 
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fully be used for more brittle materials. 

Design opportunities
Mono-body mechanisms are generally more difficult to produce with traditional man-
ufacturing techniques than with AM [58]. However, they have many advantages, such 
as frictionless motion [45,46,51,58], fewer parts [58], and affordability [45,51,59]. Since 
there are no clearances for mono-body mechanisms, it is possible to generate a smooth 
displacement and an accurate, predictable range of motion [51,60]. Especially in the med-
ical domain, this can be a great advantage. Zanaty et al. [61] designed a multi-stable de-
vice that can be used to puncture the retinal vein in the eye. Since this vein is extremely 
small, it is nearly impossible for a surgeon to accurately puncture inside the vein. The 
mono-body mechanism of Zanaty et al. [61] can be pre-programmed to specific puncture 
distances, eliminating the need for any force or displacement from the surgeon. Krieger 
et al. [62] showed that their monolithic robotic gripper could follow a predefined path. 
The structure they designed consists of solid segments, connected by thin flexure hinges. 
By changing the geometry of the contact surfaces between the solid segments from flat to 
an interlocking structure, a predefined end pose could be enclosed within the geometric 
design of the gripper. 

Another advantage of mono-body mechanisms is the possibility of creating small 
sized or scalable mechanisms, which can be created without taking clearances into ac-
count [45,59]. Salem et al. [59] designed a microbiota sampling capsule, which needed to 
be small enough to be able to travel through the entire gastrointestinal tract. The capsule 
contains a small sponge, which, once in contact with liquids, swells and activates a bi-sta-
ble 3D-printed mechanism. The bi-stable mechanism closes the capsule, safely sealing in 
a microbiota sample. 

2.5 MATERIAL-BASED MECHANISMS
For material-based mechanisms, a flexible material is used for the required mobility. The 
flexible material can be used for the entire mechanism, or in combination with other, of-

L
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Figure 2.9: Side view of flexible hinges used in prosthetic fingers, with equal hinge thickness (t) and hinge 
length (L), the only difference is in hinge geometry. Adapted from Liu et al. [64] (a-i), Mutlu et al. [71] (a, c ,f) 
and Zhou et al. [63] (j).
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ten rigid, materials. The challenges associated with the use of flexible materials are sum-
marized in Table 2.3. 

2.5.1 Mono-material

Design challenges
Hinges for the design of monolithically fabricated prosthetic fingers have been extensive-
ly researched with regards to their range of motion [63,64,71]. These non-symmetrical 
notch-type hinges allow for a bending motion with one degree of freedom, mimicking the 
motion of a real finger, as shown in  2.9. Liu et al. [64] compared nine different geometric 
shapes for the flexure hinges, which they 3D printed and tested for bending performance 
( 9 a-j). Mutlu et al. [71] compared three different geometrical shapes by experimental test-
ing of 3D printed models and by FEM analysis ( 2.9 a, c, f). Although Liu et al. [64] and 
Mutlu et al. [71] used the same 3D printing process and a similar material, their results 
differ. According to Mutlu et al. [71], an elliptical hinge shape showed the best bending 
angle, while Liu et al. [64] concluded that rectangular-shaped notches had the best bend-
ing angle. The difference in result may be due to the testing method: Liu et al. [64] used a 
tendon-driven testing set-up where a weight was connected to the tendon wire at a perpen-
dicular angle, while Mutlu et al. [71] applied a force directly to one end of the hinge at an 

Table 2.3: Challenges and design solutions for material-based mechanisms, with corresponding references 
proposing/applying the solution. 

Challenge Design Solution Reference

Limited mobility

Position hinge in the middle of the 

joint instead of at the edge
[63]

Adjust hinge geometry [63][64]

Use functionally graded materials [65]

Low rigidity/stiffness Use multiple layers 
[66][67]

Parasitic motion

Add elastomeric constraints [68]

Use appropriate cross-section 
[69]

Shorten length of hinge
[69]

Spring behavior Add a negative stiffness counterbalance
[70]

Poor inter-material adhesion Add a material gradient [66]
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angle smaller than 90 degrees. Zhou et al. [63] considered only one flexure hinge geome-
try, but instead of placing the flexure hinge towards the edge of the joint, they positioned 
it towards the middle of the joint, as shown in  2.9j. While still maintaining a non-sym-
metrical bending motion, they reported that it provided a greater bending displacement, 
as well as a reduced chance of buckling. 

The hinge designs shown in  2.9 have only one degree of freedom. When it is necessary 
to have two degrees of freedom, the flexural part of the joint needs to be slender in two di-
rections, creating a fragile part in the joint and increasing the chance of parasitic motion. 
Zhou et al. [63] solved this for their opposable thumb design by using two consecutively 
placed one degree of freedom joints with slightly different bending axes to create the re-
quired range of motion. In order to combat the parasitic motion in their surgical end-ef-
fector, Johnson et al. [69] designed the flexible hinges with a cross-section that only allows 
deflection in a single plane. In their case this was a rectangular cross-section. In addition, 
by limiting the length of the flexible members they were able to reduce parasitic motion. 

Low rigidity is one of the side-effects of using a flexible material. Liu et al. [72] used 
this to their advantage for a compliant finger designed to grasp fragile objects, since they 
found the finger could deform easily around objects, creating an increased contact region. 
Zhu et al. [66] designed a pneumatically driven robotic finger, in which they used the prin-
ciple of layer jamming, in which multiple layers are pressed onto one another to create the 
required stiffness. Similarly, Mutlu et al. [67] integrated an extra wall into their pneumat-
ic soft gripper to adjust the stiffness. 

Design opportunities
The advantage of mono-material mechanisms compared to mono-body mechanisms, is 
their ability to achieve a greater range of motion in less space with a simpler geometry 
[69,73]. As a result, they can be produced in smaller size ranges [74]. Flexible materials 
have also proven to be useful for pneumatically actuated grippers, since soft materials are 
able to conform to the contours of an object [75]. AM makes it possible to design pneu-

Figure 2.10: An example of a mono-material pneumatic gripper, utilizing a spiral-shaped air chamber and 
rotational links. a) CAD-model of the pneumatic gripper. b) The 3D printed prototype  [48]. 
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matic actuators with a controlled bending motion by means of local changes in geometry. 
For mono-material mechanisms, this can be achieved by alternating straight sides, with 
sides with a bellows-like structure that is able to expand [75–77]. Mutlu et al. [67] created 
two pneumatic ‘fingers’ actuated by one central bellow that can exhibit bending motion. 
In these fingers an extra wall was added, perpendicular to the bending direction, which 
increased the bending stiffness and the gripping force of the gripper. Blanes et al. [48] pre-
sented a number of different pneumatic actuators utilizing air chambers and rotational 
links to obtain controlled motion for food grippers (Figure 2.10). They were successful 
in creating helical, spiral-shaped and bellows-shaped air chambers, which combined with 
rotational links created linear, rotational, and mixed motion. 

2.5.2 Multi-material

Design challenges
The options for multi-material printing are limited to the available printers that can 
print multiple materials, and the available materials themselves. The most utilized com-
bination of materials is the combination of two polymers, a rigid and a flexible one [68–
70,73,78,79]. A combination of metals has also been used [65], as well as a flexible polymer 
combined with a magnetic-particle polymer composite [80]. 

It seems intuitive that the area of a multi-material structure that is most likely to fail 
is the border between the flexible and rigid material. However, Sakhaei et al. [73] found 
that for their ratchet-like mechanism this was not the case (Figure 2.11). Instead, failure 
occurred in the area with highest concentration of stress in the flexible material. They hy-
pothesized that this is due to the fact that both materials were acrylate-based, resulting in 
a strong chemical bond between the materials since they have a similar base. To facilitate 

Figure 2.11: Multi-material ratchet mechanism by Sakhaei et al. [73]. a) The testing set-up for the mecha-
nism with an aluminum fixture. b) Initial set-up. c) Locking direction. 
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proper border adhesion when a chemical bond is not possible, a material gradient can be 
used between the transition of the materials [69].

One of the properties of all material-based mechanisms is that the hinges will show 
spring-like behavior due to the elastic properties of the material.  This can be an advan-
tage, depending on the application, however, in applications where multiple stable posi-
tions are required, this might pose a challenge.  In order to combat this, Bruyas et al. [70] 
designed a statically balanced compliant joint. They combined a mirrored helical struc-
ture made of a rigid material, with a core made of an elastic material. In order to create 
static balance, they added two spring-like elements to the sides, which exhibit bi-stable 
behavior. This way, they managed to create two stable positions for the joint. 

The flexibility of the material can also be a challenge for the functionality of the mech-
anism. Castledine et al. [81] used multi-material AM to design a flexible segment for a ro-
botic gripper, in which the flexible material was used for the core of the gripper, with rigid 
disks dispersed along it for guidance of the actuation tendons. However, the core proved 
to be too flexible to accurately steer the segment. Therefore, in order to create sufficient 
torsional rigidity, interlocking segments were added to the rigid disks. 

Design opportunities
In all examples of multi-material mechanisms, the elastomeric material is used for the 
joints in the mechanism, while the rigid material provides the structural integrity. The 
advantage of using an elastomeric material for the joints in multi-material mechanisms 
is the same as for mono-material mechanisms, with the advantage that the addition of a 
rigid material makes it easier to increase the required rigidity for other parts of the mech-
anism. In addition, multi-material AM makes it possible to create functionally graded 
structures, in which two or more materials are mixed in different ratios to create vary-
ing material properties. This was applied by Jovanova et al. [65] to create compliant metal 
hinges with different bending angles. 

Mirth [78] used a sheet metal design approach to create a multi-material mechanism. 
The mechanism can be printed entirely flat on the print bed, after which it is folded into 

Figure 2.12: Non-assembly 3D printed hydraulic walking robot by MacCurdy et al. [82]. a) Showing the 
different materials and order in which the bellows where printed. b) The final prototype. 
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its functional shape, much like the production of sheet metal parts. The design consists of 
a layer of flexible material that forms the base for the hinges, onto which a rigid material 
is printed for the structural parts. The advantage of this approach is that it significantly 
reduces the printing time and no support material is required. 

Multi-material AM has also been used to create pneumatic and hydraulic mechanisms. 
The addition of a rigid material has certain advantages over only using a flexible material. 
MacCurdy et al. [82] adjusted a multi-material Polyjet 3D printer to print non-assembly 
hydraulic walking robots. To make the robot completely non-assembly, they also printed 
the hydraulic fluid inside the bellows by using a cleaning fluid provided by the printer 
manufacturer (Figure 2.12). A mix of materials with varying stiffness was used to create 
bellows that were flexible enough, but were also able to resist the fluid pressure. Similar-
ly, Skylar-Scott et al. [83] created a pneumatically actuated walking robot by developing a 
new AM method for multi-material printing in which they could define per voxel which 
material to use. The walking robot uses both a flexible and rigid material for the air cham-
bers. The flexible material allows the legs to ‘bend’, and because of the rigid material the 
robot is able to carry a weight of up to eight times its mass. 

2.6 PATTERN-BASED MECHANISMS
Pattern-based mechanisms use a relatively simple mechanism as a basic building block, 
or cell, which is patterned or repeated to obtain a complex transformation. This can be 
useful to create modular mechanisms that can easily be adapted to different applications 
or tasks, since they use the same basic mechanism as building block. 

Ion et al. [84,85] designed mechanisms inspired by metamaterials that allow for con-
trolled directional movement. Their mechanisms consist of rectangular cells, which can 
either be rigid, connected by a living hinge, or be able to make a shearing motion. The 
cells were arranged in rectangular arrays. Alternating shearing, hinged and rigid arrays 

Figure 2.13: Examples of pattern-based mechanisms. a) Five different transforming configurations for a 
single cell (top), cells applied in a folding box design (bottom) [86]. b) Pattern-based door latch mechanism [84]. 
c) Different origami-based folding structures, the unfolded structure on the left, folded on the right [89].
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resulted in mechanisms such as a door hinge (Figure 2.13b), pliers, and a switch. Ou et al. 
[86] also used rectangular cells as a basic building block, which they described as four-bar 
linkages. Placing hinges in different locations on the four sides of the rectangular cell, re-
sulted in scaling, shearing, twisting and bending motions of the single cell, illustrated in 
Figure 2.13a. By combining and patterning different cell configurations, they were able 
to create displays with encoded messages, foldable boxes for packaging (Figure 2.13a) and 
a foldable helmet. Mark et al. [87] used 3D metamaterials with auxetic behavior to design a 
robot that can climb up and down in a tube. The robot contains one bellow actuator, which 
is connected to two metamaterial structures: the first behaves like an auxetic material 
with negative Poisson’s ratio, and the other with a similar positive Poisson’s ratio. Because 
of the contraction of the bellow actuator, the materials are either pushed or stretched; 
alternatingly taking on the role of anchor or walker. This way the robot is able to crawl 
up the tube. The two metamaterials were designed in such a way that they have an exact 
inverse Poisson’s ratio. The structure did need supports, therefore the cells needed to be 
large enough for removal of the support material.

Liu et al. [88] and Zhao et al. [89] took inspiration from origami for their pattern-based 
mechanisms. Liu et al. [88] adapted a classic origami design, a twisted tower consisting of 
modular segments, for 3D printing. In the adapted design, the entire structure can be 3D 
printed as a pre-folded mechanism using multi-material AM, where the flexible materi-
al functions as the folds in the paper. The tower can be actuated by cables, and is able to 
generate linear, bending and twisting motions, making it suitable to function as a robotic 
arm. Zhao et al. [89] used an origami cube as a basic cell, with flexure hinges located along 
the edges of the cube. Variations in the configuration and structure of the cubes resulted 
in different transformations, as shown in Figure 2.13c.

The advantage of pattern-based mechanisms is that it is relatively easy to design the 
simple mechanism that can be used as the basic cell [90]. For FEM calculations, analyz-
ing one segment requires less computational power than analyzing the entire structure 
[91]. They can also be adapted easily for different applications. In addition, the basic cell 
can function as a test-segment to optimize the production settings for 3D printing [92]. 
However, the real difficulty lies in designing the pattern within the mechanism. Simple 
functions can be designed by hand, but for more complex mechanisms this becomes a dif-
ficult task. Therefore, software programs and models that can generate the pattern based 
on an input and desired output are particularly useful for pattern-based mechanisms 
[84–86,90,93]. 

2.7 SELF-ASSEMBLY 
In addition to mechanisms that do not need to be assembled after production, AM has 
given rise to mechanisms that can assemble themselves after printing. Self-assembling 
behavior can for instance be obtained by making use of shape-memory materials [94–96]. 
These materials have the capacity of holding a temporary shape, but will return back to 
their original shape when subjected to an external stimulus, such as heat [94]. This allows 
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the mechanism to both assemble and disassemble itself. Another approach is making 
use of the shrinking behavior of PLA to create self-assembling mechanisms [97,98]. 3D 
printed PLA shows shrinking behavior along the printing path direction [93] , therefore 
by varying the printing direction within a part it is possible to use the shrinking behav-
ior to design pre-programmed bending. Bending can be triggered by heating the materi-
al. A number of interesting mechanisms have been created using this approach, such as 
compliant forceps [93], chair legs that can lock themselves in place after assembling [93], 
self-tightening knots [94], and soft grippers inspired by natural tendrils [98]. The advan-
tage of these examples of self-assembling mechanisms is that the starting configuration 
of the mechanism is often a simple structure that can easily be 3D printed without sup-
port structures, whereas the final assembled state would be more complex and difficult to 
print. In addition, assembly can be triggered whenever it is required [99]. 

2.8 DISCUSSION

2.8.1 Design solutions for non-assembly mechanisms
The use of AM technologies for the production of mechanisms is still experimental. There-
fore, it is always necessary to thoroughly know the specifications of the chosen printing 
process in order to design a well-working mechanism [34]. Knowing the minimum res-
olution, overhang angle, minimum wall thickness and material properties is important 
for the printability of the design. The reviewed literature shows that there are a lot of best 
practice examples of non-assembly mechanisms, from which design solutions can be ex-
trapolated to be implemented in future designs. 

The design of joints is an important part of non-assembly mechanisms [16,17,29,30,
32,33,35,37,39,43]. Often a single joint is designed, printed, and tested for its kinematic 
performance. When the joint is functioning satisfactorily, it is applied in the complete 
mechanism. However, there are a few downsides to this approach. First, build direction is 
an important consideration for the functioning of the joint. If the integrated mechanism 
contains joints at different construction angles, it might mean that the build direction is 
not the same as for the tested joint, and thus its performance might be affected. Second, 
integration of the joint into the mechanism may lead to unexpected surprises. For exam-
ple, Jansen et al. [16] found that the single pin joint they had designed and tested as part of 
their 3D printed ‘Strandbeest’ worked with minimal clearances. However, when the entire 
integrated mechanism was 3D printed, it turned out to be impossible to remove all the 
support material from the joints, because they were blocked by other parts of the mecha-
nism. As a result, the joints needed to be redesigned with larger clearances for cleaning. It 
is, therefore, important to consider the design of the mechanism as a whole. 

With the developments in material suitable for AM, a large number of flexible and 
elastic materials have become available. These materials have been quickly adopted for 
the design of joints for typical ‘soft’ applications, such as prosthetic fingers [63,64,71] 
and soft robotics [66,67,80]. The advantage of a flexible material is that the joint geom-
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etry can be less complex and more robust, as compared to mechanisms using only a rigid 
material. This leads to the possibility of scaling mechanisms down to a smaller size while 
still being 3D printable. The option to combine multiple materials in a single production 
step opens the door to a new range of possibilities, such as creating functional gradients 
between materials. This can be used for instance to control the bending behavior of joints 
[65], to reinforce transitions between materials, or to create fully functional advanced as-
semblies, such as the hydraulic robot of MacCurdy et al.[82], in which even the hydraulic 
fluid was printed. Multi-material AM also shows great potential for creating innovative 
bio-inspired designs, since in nature a combination between flexible and rigid materials 
is common.  

Metal AM shows great potential for use in  both rigid parts and flexures in non-as-
sembly mechanisms. However, only a handful of the examples in this review make use 
of metal AM [17,37,38,46,53,56,65,100]. This may be because compared to conventional 
technologies, metal AM processes such as Powder Bed Fusion or Selective Laser Melting 
have a few distinct disadvantages. First, they leave the part with a relatively rough surface 
quality, which  increases friction and wear on parts with surface-to-surface contact. This 
is especially problematic for multi-body mechanisms, since the wear on parts during use 
increases the clearances and can make the mechanism unstable [17]. Since non-assembly 
mechanisms also cannot be disassembled, most surface finishing processes will not be 
able to reach the internal surfaces of joints. Second, the resolution of AM metal processes 
is still quite poor. This makes it difficult to create tight clearances, or flexures that are thin 
enough to serve as a joint. With advances in AM it is expected that these disadvantages will 
decrease, although more research into design methods specifically for metal AM will be 
valuable for a wide adoption of metal AM mechanisms. 

Pattern-based mechanisms make optimum use of the shape complexity offered by AM. 
Their design shows a lot of similarities to the design of metamaterials; structure and ma-
terial are closely integrated. Further development of the pattern-based design approach 
could lead to a fusion between designed mechanisms and metamaterials. Technological 
advances in AM processes in terms of resolution and multi-material options offer many 
possibilities to create these types of mechanisms on a smaller scale with ever-increasing 
functionality.

One of the ways to deal with the immense design freedom offered by AM is using com-
putational models and software to aid in the generation of functional mechanisms. As the 
design of mechanisms becomes more complex, and more components of an assembly are 
integrated, the more value these tools can add to the design process. Software editors, de-
sign tools, and libraries with a standardized selection of functions are being developed to 
make it easier to design and produce 3D printable mechanisms [84,101,102].

An effective, conventional solution to actuate any mechanism is by using cables 
to transfer movement from one part of the mechanism to the other. For non-assembly 
mechanisms, this means the mechanism itself is 3D printed, after which the tendons are 
manually inserted [49,53,58,63,64,69,71]. This can be a quite laborious process, depend-
ing on the complexity of the mechanism. Possibilities of integrating strings into 3D print-
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ed parts that have been researched include the use of an embroidery machine as an extra 
production step [103], or by embedded 3D printing, in which the fibers are added during 
printing either manually [104] or by adding a fiber extrusion head to an existing 3D print-
er [105]. Additional research into this area is needed in order to eliminate the final assem-
bly step for tendon-actuated mechanisms. 

Self-assembly can be seen as the next step in the development of non-assembly mecha-
nisms, since they can avoid some of the disadvantages associated with non-assembly. For 
instance, with self-assembly it is possible to print the casing of a mechanism as a flat struc-
ture with the required functional components pre-assembled on top, which folds exactly 
into place after printing, creating an enclosed mechanism without the disadvantages of 
needing a support structure. This could pave the way for structures that are simple to pro-
duce with AM and, after printing, self-assemble into a complex mechanism. In addition, 
being able to control the exact time when the mechanism assembles and, more important-
ly, disassembles, could be an enormous advantage, for instance for medical applications. 

2.8.2 Advantages and disadvantages of non-assembly mechanisms
Non-assembly mechanisms provide many advantages, the most obvious being a reduction 
in manufacturing steps for complex products [28], leading to reduced costs. Non-assem-
bly mechanisms lend themselves to being scaled down to sizes where assembly of separate 
parts is a difficult and tedious process. In addition, complex mechanisms can be produced 
without considering adjustments for assembly. This can improve reliability and safety, 
because of an elimination of additional assembly steps [14]. Non-assembly mechanisms 
have the potential to function instantly after fabrication, which is beneficial for plug-and-
play solutions for urgent needs, or in remote locations [14]. Non-assembly also reduces the 
need for specialized assembly and fine tuning knowledge, reducing the need for training 
in production facilities and making production more accessible for laypeople [14].

However, there are also a number of disadvantages of non-assembly. In traditional 
mechanism design, the material choice and production process can be optimized for each 
part, since they are all produced separately. For non-assembly mechanisms, all parts are 
made with the same process and often the same material. Since most multi-material 3D 
printers are not yet capable of using more than two similar materials at the same time, 
such as two plastics or two metals, compromises in material and geometry have to be 
made. Even though no assembly after production is necessary, this does not always mean 
the mechanism is ready to use out of the printer. Usually, one or more post-processing 
steps, such as removing support material or polishing surfaces, are necessary. Especially 
removing supports can be a time-consuming process [88]. 

Since the design of these mechanisms is non-assembly, it also means that they cannot 
be disassembled. Therefore, replacing or servicing parts is difficult or impossible. Due to 
the current limited quality of 3D printed parts, this would suggest that currently non-as-
sembly mechanisms are mostly applicable to non-critical products, disposable products 
or products with a short life span. A possible solution for products that need to be servicea-
ble is printing them partially disassembled, or designing them in such a way that they can 
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be (partly) taken apart when necessary [16]. 
When the disadvantages of the non-assembly approach cannot be ignored for a design, 

it is always possible to combine this approach with parts that do need to be assembled. 
This should be a consideration based on the functional concerns, such as the kinematic 
and strength requirements of a joint, and manufacturing concerns, such as the required 
clearances and need for support material [33]. 

2.8.3 Future directions
As can be seen from the examples provided in this review, AM of non-assembly mecha-
nisms is still in its infancy. We can distinguish a trend within our proposed categoriza-
tion, from more traditional mechanism designs that consist of multiple bodies, to inno-
vative designs that show an unprecedented integration between material, geometry and 
structure, embracing all opportunities that 3D printing brings. 

An interesting perspective can be offered when combining the design opportunities 
as presented in this review for the category of geometry-based mechanisms and materi-
al-based mechanisms, as has been done in Figure 2.14. If we consider that each of the fields 
in this figure signifies the design space for the given categories, then the examples select-
ed in this review all fall within the blue- and green-colored fields. The figure indicates that 
the design space for mono-body and mono-material mechanisms is overlapping, which is 
caused by the fact that there are many variations of flexibility when considering material 
properties. Depending on the properties of the material, the appropriate design solutions 
should be chosen. 
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Figure 2.14: This figure shows the combined design space for geometry-based and material-based mech-
anisms. All examples discussed in this review fall within the blue and green fields. The icons represent the 
categories as presented in Figure 2.1. The fourth field, of multi-body multi-material mechanisms, remains 
empty, since no examples were found that fall within this category. This indicates a promising direction for 
future research. 
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Pattern-based mechanisms are a special case. Since the building block that they use is 
in essence a simple mechanism, when zooming in to this level, it can be seen that it is pos-
sible to classify the single cell as a geometry-based or a material-based mechanism. An ex-
ample of a geometry-based cell is given in Figure 2.13a, where rigid-body hinges are used 
in the cell, and an example of material-based cells is given in Figure 2.13b, where a flexible 
material is used for the hinge. Therefore, the same design solutions can be applied as for 
geometry- and material-based mechanisms on a cell level, however for the overall mecha-
nism overarching design solutions are necessary. 

The fourth field in Figure 2.14 remains empty, since no examples of mechanisms have 
been found that combine the design opportunities of multi-body mechanisms with those 
of multi-material mechanisms. This shows a potential direction for future research. We 
imagine that inspiration for these kinds of mechanisms can be found in nature. For in-
stance, joints in the human body can be described as multi-body multi-material joints: 
two rigid, separate bones, for which the movement is controlled or restricted by flexible 
tendons. 

2.9 CONCLUSION
The advances in AM technologies have led to novel ways of creating fully-functional 
mechanisms that can be created in a single production step. These come with their own 
challenges for design and production. This review has provided a state-of-the-art of 
non-assembly mechanisms, in which special attention has been paid to the production 
challenges inherent to AM and the design solutions used to overcome these. Although 
each AM process has its own specific limitations and guidelines, from the examples found 
in literature it can be seen that for certain groups of mechanisms similar problems are 
encountered regardless of the technology, for which it is possible to use similar design 
solutions. Therefore, the found examples were categorized according to the type of mech-
anism to which similar design solutions can be applied. The examples in this review show 
that it is possible to create a wide range of mechanisms using AM, ranging from the tra-
ditional type of multi-body mechanism, to increasingly popular compliant mechanisms 
and futuristic mechanisms that are able to assemble themselves. The simplified produc-
tion of non-assembly mechanisms makes them advantageous to use in many applications, 
such as healthcare and aerospace engineering. In order to continue the development and 
implementation of non-assembly mechanisms, it is important to pay attention to tools 
and methodologies that help designers and engineers navigate the immense design space 
offered by AM. 
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A REVIEW ON 3D PRINTED 
SPRINGS 

The rise of additive manufacturing technologies or 3D printing for functional applica-
tions has increased the demand for mechanical springs produced using this technology. 
This is not only a relevant topic in scientific communities, but also in hobbyist commu-
nities that have embraced 3D printing. The latter consists of hobbyists who exchange 
ideas and 3D models in online databases, where they build upon each other’s work. We 
performed a systematic search for 3D printed springs, produced both by the scientific 
community and the hobbyist community. We analyzed the design, 3D print technology, 
materials, and 3D print settings of the springs. We divided the 3D printed springs into 
two main groups: planar and spatial designs. Planar designs contain zigzag, leaf, spiral, 
and ortho-planar springs, while spatial designs contain helical, wave, stacked, and rota-
tion springs. Promising advantages of 3D printed springs are the ability to vary dimen-
sions within one spring to customize the performance to the application, and integrating 
the spring into a functional design in a single production step. Springs encountered in the 
hobbyist database are more diverse and creative, and tend to focus more on planar designs, 
while springs encountered in the scientific database were more thoroughly evaluated, and 
focused more on spatial designs. The combined search results from scientific and hobby-
ist communities give a comprehensive overview of the possibilities and best practices for 
creating functional 3D printed springs and can be used as inspiration for further research.
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3.1 INTRODUCTION
Springs are used in many applications, and can have a wide range of uses. The primary 
function of a spring is to deflect or distort under load, and to recover its original shape 
after the load is removed [1]. Some possible uses include storing energy, reducing impact, 
controlling vibrations, or improving connections between mechanical parts [2]. The elas-
tic behaviour exhibited by a spring is caused by a combination of the spring shape and the 
material, both a helical shape made out of metal and a solid block of rubber can constitute 
a spring [2,3]. Spring steel is the most common choice of material for springs, along with 
other metal alloys, although it is possible to make springs out of a wide variety of materi-
als. Commonly encountered mechanical spring designs are helical springs, leaf springs, 
flat springs, spiral springs, Belleville springs, and torsion-bar springs [1]. 

Additive manufacturing (AM) or 3D printing as a manufacturing technique for func-
tional components is rising in popularity and use. In contrast to conventional manufac-
turing techniques, in AM material is deposited in a layer-wise fashion, which allows for 
the design of complex shapes without the limitations of the conventional production 
techniques. Although initially mostly used as a prototyping method, recently AM is also 
used to produce functional components and mechanical constructions [4]. Benefits of 
AM include the minimization of waste products, since it is not a subtractive method, the 
option to add complexity to a part without additional costs, and the ability to produce 
complete assemblies in a single build [4,5]. The rising interest to create complete, func-
tional mechanisms with AM also increases demand for elastic elements that can be inte-
grated into these mechanisms. This requires a new approach for the design of these elastic 

Figure 3.1: Example of a Thing-page from the website www.thingiverse.com [12]. The page shows the title 
and author of the Thing, along with a description, images, tags, and allows other users to upload their ‘makes’ 
and comments. 
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components, without the constraints of traditional manufacturing, while taking into ac-
count the new challenges that AM brings [6]. 

The interest in AM extends beyond only the scientific community. The availability of 
cheap extrusion-based 3D printers has dramatically increased in recent years, and these 
machines have been embraced by professionals and hobbyists alike [4,7]. These hobbyists, 
often referred to as the ‘Maker Movement’ [8], have embraced online websites in which 
they can exchange 3D models, 3D printer reviews, and tips and tricks for obtaining the 
best print results [9]. Characteristic of the maker movement is sharing of 3D files, which 
allows both hobbyists and professionals to build on each other’s models and ideas [9]. Hob-
byists share their designs with online communities, allowing collaborative design to lead 
to a wide variety of solutions. In these large online 3D printing databases, many interest-
ing 3D printed designs are made available for free [10], harbouring an immense wealth 
of creativity and exploration. Collective design can lead to quick innovations, although 
the lack of structure can also lead to many duplicates and repetitions [11]. For 3D print-
ed springs this means that many innovative and functional spring designs can be found, 
applied in functional products, tested and approved by the collaborative design effort. 
In this review, we aim to provide a complete overview of 3D printed spring designs from 
both the scientific literature as well as the maker movement. Therefore, we have included 
both scientific articles researching 3D printed springs and 3D printed springs designed 
by hobbyists. 

3.2  SEARCH METHOD

3.2.1 Scientific data
The Scopus database was used to search for scientific literature on 3D printed springs. The 
search query was organized in two parts: 1) related to the fabrication technology (additive 
manufactur*, 3D print*, rapid prototyp*) and 2) related to the application (spring, springs). 
The search term spring* resulted in too many off-topic results, and was therefore replaced 
by spring or springs. The results were limited to articles written in English only, within 
the subject area ‘Engineering’. 

3.2.2 Non-scientific data
Non-Scientific data in the form of 3D models was obtained from the Thingiverse plat-
form (www.thingiverse.com, MakerBot Industries, New York, USA). Compared to other 
3D model platforms, Thingiverse is the most popular and contains the most models, with 
over 2.2 million models at the time of writing [9,10]. Thingiverse is completely free and al-
lows non-professionals to share their ideas and models. The 3D models are called Things, 
and all have a specific identification number called a Thing-id. All the information con-
cerning a 3D model is displayed on the Thing-page, allowing other users to comment, di-
rectly download the files, and upload their own makes of the part (Figure 3.1). In addition, 
authors can add ‘tags’ to their uploads, to indicate which category their Thing belongs to. 
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The built-in search engine of Thingiverse limits the results for ‘spring’ to 10.000 re-
sults. Since anyone can upload files to this platform without restriction, and it is not re-
quired to test or 3D print the part before uploading them, it is likely that not all of the 
results are usable. To find the most relevant results, we utilized the built-in search engine 
in combination with filters. Search results can be sorted on popularity, relevance, exact 
text, newest, or most makes. Two of these relate directly to user-based metrics. Popularity 
shows results based on the number of likes the Thing received from users, with the most 
popular one first. Most makes shows results based on the number of times the Thing was 
made by other users. A make is registered only when a user uploads a photo of the printed 
Thing to the site, and can therefore be a good indication of the printability of the part. 

For our search, we combined three search strategies in order to make our results as re-
peatable as possible while finding the most relevant results. First, we searched for ‘spring’, 
and filtered on ‘exact text’, which presents results that most closely match the search word. 
This provided us with mainly Things of springs, and it did not give us the most popular or 
printable Things. For the second search, we filtered the results for ‘spring’ by most makes. 
The top result in this search had 755 makes. Finally, we searched on all Things tagged with 
‘spring’. These results are automatically sorted by popularity (number of likes), the most 
popular design received 25.752 likes. For each of the search queries, we evaluated the first 
100 results, resulting in a total of 300 results for the three search queries. 

3.2.3 Exclusion criteria
For the Scopus search, only results that included a prototype of a 3D printed spring were 
included, all results describing a conventional spring combined with a 3D printed part 
were omitted. We chose to include only the results in which the purpose of the author was 
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to design or develop a spring; results in which a design or mechanism showed spring-like 
behaviour without it being one of the main purposes were omitted. Compliant mech-
anisms contain elastic members or flexures functioning as spring elements, which are 
thoroughly integrated and optimized for the design of the mechanism while being diffi-
cult to apply in other designs. Therefore, we excluded all mechanisms explicitly described 
as compliant for which the main purpose was not to function as a spring. Springs produced 
using 4D printing techniques, such as by using smart memory alloys, were also excluded, 
since this is considered to be out of the scope of this research. For the Thingiverse search, 
of the 300 evaluated results, only Things were included that showed an actual 3D printed 
spring with more than 10 likes. All results without any makes (including from the author) 
were omitted, as well as designs that require the use of a conventional spring to function. 
All duplicates and ‘remixes’, in which the author makes modifications to the design of an-
other author, were excluded.

3.2.4 Search results
The search within the Scopus database resulted in 438 initial search results, of which the 
titles and abstracts were scanned for relevance. From these 438 results, we selected 41 
articles that fulfilled the eligibility criteria. For the search in the Thingiverse database, 
we evaluated a total of 300 search results. To verify the repeatability of our search, we re-
peated it one month after the initial search, which led to no new search results. Based on 

Figure 3.3:  Overview of the division into different spring types. Two main categories were distinguished: 
planar and spatial spring designs. Zigzag, leaf, spiral and ortho-planar springs were encountered within pla-
nar designs; and helical, rotational, stacked, and wave springs within spatial designs. The arrows indicate the 
direction of motion of the springs as encountered in the search results. 
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the eligibility criteria, we included 103 Things. We analysed the included springs on the 
type of spring, manufacturing technique, and applications. The results of the systematic 
search are schematically shown in Figure 3.2. 

3.3 TYPES OF 3D PRINTED SPRINGS
We subdivided the search results into planar and spatial spring designs, as shown in Fig-
ure 3.3, in which also the direction of motion of the springs as encountered in the search 
results is indicated with arrows. Planar springs include all designs that can be described as 
an extrusion of a 2-Dimensional (2D) shape, sometimes referred to as 2.5D, since they can 
be described as a 2D geometry with a given height. Within this category, we have found 
zigzag, leaf, spiral, and ortho-planar spring designs. Spatial spring designs include geom-
etries that can only be described in a 3-Dimensional (3D) space. Within this category, we 
have encountered helical, rotational, wave, and stacked spring designs.

3.3.1 Planar designs

Zigzag springs
Zigzag springs owe their name to the zigzag shape of the structure, which is used to create 
long, slender flexures. Zigzag springs are a useful geometry for most AM technologies, 
since they can be printed lying flat on the build plate. This build direction aligns the layer 
lines with the direction of force of the spring, preventing breakage caused by poor layer 
adhesion. Cui et al. [13] showed that it is also possible to print zigzag springs protruding 
from the build plate, by taking the overhang angle into consideration. Tutum et al. [14] 
explored single-curve zigzag shapes to optimise a spring to launch a toy car, by means of 
an algorithm that optimized the spring to consistently propel the car forward over a cer-
tain distance. 

Among the Things, zigzag springs were used by authors for compressive purposes, of-
ten in combination with linear constraints to prevent motion in other directions [15–24], 
for bending purposes such as in clamps and karabiners [25–31], and for use as flexible ele-
ments in toys [32–38]. One author designed zigzag springs with customized curves to use 
as a silencing suspension to dampen the noise of the extruder motor of the used mate-
rial extrusion 3D printer (Figure 3.4a) [39], as well as vibration dampers to place under-
neath the printer’s feet [40]. The author mentioned that the suspension greatly reduced 
the noise from the extruder, although with both designs the material started to plastically 
deform after prolonged use. Another author designed a bag holder with zigzag springs as 
dampers to help carry heavy loads (Figure 3.4b) [41]. The use of six springs with different 
heights allows for an even load distribution, and the Thing author noted that it supported 
bags of at least 5 kg. An unusual type of zigzag spring is the honeycomb spring, in which 
negative stiffness honeycomb cells are designed in such a way that they are capable of elas-
tic buckling, which allows them to recover their shape and properties after impact (Figure 
3.4c) [42]. The research article on honeycomb springs was also encountered by a Thing-au-
thor, who decided to reverse engineer the structure to create a modifiable CAD-file that 
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Figure 3.4: Designs with incorporated zigzag springs. a) A silencing suspension for an extruder motor us-
ing custom zigzag shapes [39]. b) A bag holder with zigzag springs, arranged in a way to create an even load 
distribution [41]. c) Negative stiffness honeycomb spring [44]. 

Figure 3.5: Examples of leaf springs. a) Crossed leaf springs applied in self-closing tweezers, based on [53]. b) 
Leaf springs applied in self-opening pliers, based on [52]. 

Figure 3.6: Examples of 3D printed spiral springs. a) Spring-propelled toy car [70]. b) Non-assembly spring 
loaded box with integrated spiral spring and gears [76]. c) Hexagonal shaped spirals connected to each other, 
which can be printed as a single sheet and afterwards folded into a 3D-shape [79].
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can be used to explore the parameters of this structure, such as the thickness and number 
of spring elements [43].

Leaf springs
The design of leaf springs can range from a simple, straight beam, to a more complex 
stack of curved plates. A single, flat plate design is often encountered for 3D printed 
leaf springs, since this geometry is generally easy to print. This type of leaf spring can be 
loaded for bending by pushing or pulling one end, while fixating the other end in place. 
Besnea et al. [45] tested 3D printed leaf springs in rectangular and triangular shapes, in 
three different materials, showing a linear relation between force and deflection of the 
leaf springs. Garanger et al. [46] showed that a feedback-control system could be used to 
reach the desired stiffness for a stack of rectangular leaf springs, by controlling the infill 
density. Kessentini et al. [47] used finite element analysis to optimize the parameters of a 
mono leaf spring printed in carbon-filled PEEK, for use in a car suspension system. The 
leaf springs applied by Thing-authors in their designs were often used for opening or clos-
ing purposes by applying crossed leaf springs, such as for clamping toys [48–51], or for 
tools that can self-close (Figure 3.5a) or self-open (Figure 3.5b) [52–55]. Other purposes 
include clamping things in place with a single leaf spring, such as a business card holder 
[56] or a clamp with integrated ratchet mechanism [57], as well as using the stored energy 
of the leaf spring to move objects [58–60]. 

Spiral springs
Spiral springs were more frequently encountered in the Thingiverse database [61,62,71–
79,63–70] than in the scientific database [80]. Spiral springs were often used by Thing-au-
thors as energy storage mechanisms [68–76]. The spiral spring can be wound up to store 
energy, after which the energy is released to drive a mechanism. The use of gears reduces 
the spring force and ensures that the spring releases its energy at a lower rate. This princi-
ple has been used to propel toy vehicles (Figure 3.6a) [68–71], and to drive tourbillon mech-
anisms, which are used in clocks and watches to counteract the effect of gravity [72–74]. A 
non-assembly spring-loaded box, shown in Figure 3.6b, has a spiral spring with integrated 
gear teeth [76]. In this application, the spiral spring stores energy by means of closing the 
lid of the box, when pushing a button, the energy is released and the lid directly pops open. 
Alternatively, a horizontal spiral spring can be used as a compliant twist lock on a box [77]. 
Scarcia et al. [80] researched the behaviour of a 3D printed spiral spring, and concluded 
that the spring stiffness was dependent on the total length, thickness and height of the 
coil, and independent of the outer radius, pitch or coil number.

For most applications, spiral springs are loaded in the direction of the windings. Al-
ternatively, a spiral spring designed by a Thing author shows loading of the spring in the 
out-of-plane direction, which allows it to be launched from the fingertip when released 
[78]. Furthermore, one Thing-author used hexagonal shaped spirals to create a structure 
that is printed flat on the build plate (Figure 3.6c), but is subsequently folded into a 3-di-
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mensional shape to function as a bouncing ball [79]. 

Ortho-planar springs
Ortho-planar springs typically have a central platform that is connected to a base by 
means of flexible segments, which can move in an out-of-plane direction [81]. Often an 
ortho-planar spring is expected to only allow a linear motion [82]. They can be designed 
in such a way that they ensure minimal planar rotation of the central platform, for exam-
ple by using symmetry between the flexible segments. The spring forces resist the central 
platform from moving sideways. Yao et al. [83] used 3D printed ortho-planar springs to 
isolate vibrations, while Kawa et al. [84] tested various geometrical configurations of 3D 
printed ortho-planar springs for vibrational energy harvesting (Figure 3.7a). Qiu et al. 
[85] simulated the behaviour of 30 different ortho-planar spring designs, and applied a 
so-called side-leg design to use in a 3D printed continuum manipulator, since, asides from 
its large out-of-plane range of motion, the spring also has a large bending compliance and 
low torsional compliance (Figure 3.7b). Teichert and Jensen [82] used an ortho-planar 
spring in a parallel guidance mechanism printed in ABS, for added stability they used the 
same spring twice, rotated 60 degrees relative to each other (Figure 3.7c). 

Designs for ortho-planar springs can be found on Thingiverse [12,86–89], although 
for most the Thing-authors have no application (examples in Figure 3.7d-e). One author 
modelled his ortho-planar spring [90] after the research work of Parise et al. [81] (Figure 
3.7f). The Compliant Mechanisms Research Group from Brigham Young University up-
loaded a compact design with a large possible deflection and a fully linear displacement of 
the centre, which can be scaled to various sizes (Figure 3.7g) [12]. 

Figure 3.7: Examples of 3D printed ortho-planar spring designs. a) Ortho-planar spring design used for 
vibrational harvesting (based on [84]). b) Ortho-planar side-leg design (based on [85]). c) Ortho-planar spring 
design used in a parallel guidance mechanism (based on [82]). d) Ortho-planar spring design without appli-
cation (based on [89]). e) Ortho-planar spring design used as airless tire (based on [86]). f) Ortho-planar spring 
without application (based on [81,90]). g) 3D printed ortho-planar spring showing its linear displacement [12]. 

a) b) c)

d) e) f ) g)
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3.3.2 Spatial designs

Helical springs
Helical springs may be the most common type of spring. They can be used for compres-
sion, tension, bending and torsional purposes [1]. The 3D printed helical spring is the 
most encountered in both the scientific and the non-scientific search results. Helical 
designs allow themselves to be printed by a range of AM technologies, in different sizes. 
Considerable attention has been paid to investigating the correct process parameters for 
a given AM technology, such as for SLA [91], and material extrusion [92,93]. Nano AM 
methods, such as two-photonlithography, were used to create functional helical micros-
prings (Figure 3.8a) [94–97]. 

Disadvantages of helical springs are that they often require support material be-
tween the windings, and a round cross-section of the wire is difficult to print due to the 
layer-based nature of AM. Using 3D printing, the cross-section of the wire can easily be 
changed from circular to rectangular (Figure 3.8b) [98,99], the effects of which were in-
vestigated by Besnea et al. [100] and Enea and Moon [92], showing that better geometric 
accuracy could be achieved with the rectangular wire. Helical springs that do not require 
support material where often explored by Thing-authors, for instance springs with dif-
ferent main geometries, such as triangular cross-sections (Figure 3.8c) [101,102], rectan-
gular cross-sections [103], and hexagonal cross-sections [104]. These cross-sections can be 
printed with a flat side laying on the build plate, and make use of self-supporting angles. 
Helical tension springs, in which all windings of the helix rest on top of each other, are 
popular with Thing-authors, due to the ability to print them without additional support 
material [101,105–107]. This is possible by ensuring a small gap of several layer thickness-
es between the windings. The windings are carefully pried loose with a knife after print-
ing. 

Advantages of 3D printing helical springs are that they can be customized by altering 
the spring parameters, such as the wire thickness, pitch, and diameter, within one spring 
design, which influences the flexibility and elasticity of the spring [6,108–110]. Besides 
the use of different main geometries and wire cross-sections, AM also allows for the man-
ufacturing of designs with additions to the basic helical shape, like barbs on the surface to 
anchor the spring in tissue [111]. 

Wave, stacked and rotation springs
Other spatial designs include wave [112–114], stacked [112,115,116], and rotation [117] 
springs, shown in Figure 3.8d-f. A conventional wave spring consists of a flat, corrugated 
ribbon, coiled into a helical shape. The advantage of wave springs over helical springs is 
that they require less material for similar properties in equal dimensions [118]. 3D print-
ed wave springs forego the helical shape in exchange for a structure of stacked, corrugated 
rings. Wave springs are not the most convenient design to produce using AM, since they 
require support structures, and not all spring elements will be printed in the most favour-
able direction. This can for example result in the staircase effect alongside the curved 
geometries, which can initiate cracks while loading the spring [113]. To circumvent this, 
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Gardner et al. [113] printed a wave spring using a modified 5-axis 3D printer, which is 
able to extrude material on top of a rotating cylinder perpendicular to its travel direction, 
thereby optimizing the extrusion direction (Figure 3.8d). The wave springs produced with 
this technique showed a 47% increase in strength under compression, as well as a signifi-
cant increase in deflection until failure. 

Haq et al. [119] compared a rectangular cross-section of the waves with a circular 
cross-section, and showed that the rectangular cross-section resulted in a 40% increase 
in compression stiffness. Chapkin et al. [112] compared 3D printed wave and stacked 
springs, sometimes called machined springs, for their bending response. The stacked 
spring design showed higher flexibility under bending, but also showed more parasitic 
motion while loaded, while the wave spring showed a higher bending stiffness. Things of 
wave and stacked springs were uploaded in various designs (Figure 3.8e) [115,116,120]. 
These springs proved printable and functional when using rigid plastics, although most 
designs required the use of support structures. One Thing author [116] noted that his 
stacked spring design was resistant to twisting, and became stiffer with more vertical bars 
added, while more stacked layers increased the range of motion. 

Wang et al. [117] designed a rotation spring with curved surfaces (Figure 3.8f), similar 
in design to a flexible coupling, which is meant to convert compression into torsion. They 
investigated the effect of the slenderness ratio and the width of the curved surfaces. It was 
found that the width of the surfaces had little effect on the resulting torsion angle while 
under load, whereas an increased slenderness ratio of the curved surfaces increased the 

Figure 3.8: Examples of spatial 3D printed spring designs. a) Helical microspring [91]. b) Helical spring 
with rectangular wire cross-section [123]. c) Helical tension springs printed in upright (left) and horizontal 
(right) position [101]. d) Set-up to print a wave spring with optimized material extrusion direction (left) and 
close-up of the spring (right) [113]. e) Wave (left and middle) and stacked (right) springs [115]. f) Set-up for axial 
compression testing of a stack of two opposite rotation springs [117]. 
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resulting torsion angle. Another type of rotation spring is based on an origami pattern for 
collapsible cylinders [121]. Khazaaleh et al. [122] printed this origami spring using mul-
timaterial printing, in which the sides were printed in a rigid material and the folds in a 
flexible material. They showed that the spring can exhibit linear, bi-stable, softening, and 
hardening behaviour, depending on the chosen geometrical dimensions of the spring. 

3.3.3 Spring type distribution
The distribution of the types of springs identified in the scientific and hobbyist search 
results is shown in Figure 3.9. In the scientific search, helical springs were the most re-
searched type of spring, with more than half of the articles focused on this spring type. 
The other types of springs were researched in more or less equal amounts. Furthermore, it 
can be seen that most attention has been paid to spatial springs, rather than planar springs. 
In the hobbyist search, the most encountered type of spring were zigzag type springs. This 
can be explained by the fact that zigzag springs are easy to design and produce using an in-
expensive desktop printer, due to their 2.5-dimensional design. In contrast to the non-sci-
entific literature, in the Thing-search the planar spring designs make up the majority of 
the results. The difference in focus between spatial and planar designs between the two 
search results might be contributed to the less expensive FDM printers used by the hob-
byist community, which tend to work well with 2.5D-structures. In general, the spread of 
spring types from the Thing-results is more diverse than the spring types identified in 
the scientific results. From a qualitative perspective, we have also encountered more crea-
tive and diverse spring designs in the Thing results, as compared to the ones found in the 
scientific results. It should be noted that the functionality of the spring-Things is often 
not systematically tested, and it is therefore not possible to compare their performance to 
scientifically tested springs. However, the Thing-designs can be used as the starting point 
of investigations into different, more experimental springs and their application in func-
tional designs, created by AM. 

Figure 3.9: Distribution of the types of springs encountered in the scientific and non-scientific search re-
sults. A division is made between planar designs, which include zigzag, ortho-planar, leaf, and spiral designs, 
and spatial designs, which include helical, stacked, wave and rotational designs. 
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3.4 MANUFACTURING 3D PRINTED SPRINGS

3.4.1 3D print technologies
AM consists of a large group of layer-based 
technologies, which can be classified in 
numerous different ways. We followed 
the classification of the ASTM organiza-
tion for clarity [124], which divides AM 
technologies into seven different groups: 
material extrusion, vat photopolymeriza-
tion, material jetting, powder bed fusion, 
sheet lamination, directed energy deposi-
tion, and binder jetting. Figure 3.10 shows 
the division of different AM methods 
used to manufacture springs for the re-
sults from the scientific query, only four 
groups of AM technologies were encoun-
tered: material extrusion, material jetting, 
vat photopolymerization, and powder bed 
fusion. The results from the non-scientific 

Thing-query are not included, since they all used material extrusion technology. The most 
applied technology in the scientific search is also material extrusion, used in about 42% 
of the spring designs. Material extrusion includes Fused Deposition Modelling (FDM), a 
commonly available and cheap-to-use type of printing, which can explain its popularity 
in both scientific and non-scientific communities. The second most used technique in the 
scientific results is vat photopolymerization, in which a resin is cured by a UV source. This 
technology is known for its high resolution. Less used are powder bed fusion and mate-
rial jetting, identified in about 18% and 16% of the scientific results, respectively. These 
printing technologies have a high threshold to operate, requiring expensive equipment 
and expertise, which can explain their infrequent use. Sheet lamination, binder jetting, 
and directed energy deposition were not identified in our results. Although all scientific 
articles reported the used AM technology, often the choice of certain AM methods or ma-
terials is not substantiated. 

3.4.2 Materials
The choice of material depends to a certain extent on the chosen AM technology. We dis-
tinguished two general groups of materials used to 3D print springs: polymer-based mate-
rials and metals.  Polymer-based materials are the most commonly used materials in AM 
technologies, and can be used in the form of filaments, powders, or photo-sensitive resins. 
In 92% of the identified scientific articles polymer-based materials were used, whereas 
only in three instances metal was used. Danun et al. [125] designed custom springs con-
sisting of separate building blocks printed in stainless steel. Saleh and Ragab [110] used 

Figure 3.10: Distribution of the applied AM tech-
nologies identified in the scientific search results.
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a titanium alloy to 3D print helical springs with different pitches, to investigate the in-
fluence of the geometry on the mechanical properties. Skylar-Scott et al. [126] showed 
that they were able to build support-free helical springs with different geometries using a 
Direct Ink Writing process with silver ink. Other attempts at producing metallic springs 
consisted of coating designs printed with polymer-based processes with a nickel or cop-
per coating to improve conductivity [13,94], or printing with a PLA-based filament filled 
with copper particles [45]. 

Of the polymer-based materials, PLA is the most used type of polymer for both the 
scientific and non-scientific results. PLA is one of the main materials used for printing by 
FDM due to its low price, ease of processing, and lack of harmful substances when print-
ing. A disadvantage of PLA is that it is fairly brittle, which makes it less suitable for the 
design of elastic components, such as springs. Some Thing-authors noted specifically that 
their designs should be printed in ABS [21,23, 33,36,41,116,120,127,128], because of its 
higher flexibility. However, others adjusted the design of the spring to comply with the 
properties of PLA, for instance by creating longer flexures [129], or recommended using 
PLA because of its higher stiffness [25,66,68,74]. PLA does tend to creep over time when 
a mechanical load is applied to it, therefore, some authors advised to not keep the spring 
under permanent loading conditions [39,40,66]. 

Polymeric materials often exhibit hysteresis, which in the case of 3D printed springs 
means that part of the spring energy is absorbed by the material [119]. The amount of 
hysteresis depends on the material and AM process. Nazir et al. [109] investigated helical 
springs printed with PA12 powder, and found that in the first hysteresis cycle a higher 
percentage of energy was lost as compared to the 20th cycle. They ascribed this to ‘setting’ 
of the material, as a consequence of porosity, residual stresses, or unfused powder, rather 
than permanent deformation. Other studies have noted similar behaviour, where the hys-
teresis loop reached equilibrium after a number of cycles, for a powder-based wave [119] 
and helical spring [108], and for a material extrusion helical spring [92]. For the latter, the 
hysteresis was less pronounced in stiffer springs. Helical microsprings fabricated using 
2-photonlithography showed an increase in hysteresis for each additional load cycle, re-
sulting in plastic deformation [94], while a wave spring printed in ABS showed barely any 
hysteresis after repeated testing [114].

3.4.3 Settings
On the Thing-pages, authors can give tips for which print settings to use to obtain the best 
results. These settings are valid only for FDM-type printers. The most discussed settings 
for springs are the number of ‘walls’, i.e. outer layers of the part, the amount of ‘infill’ used, 
which is a porous structure used for the interior of the part, and the settings for support 
structures. A high number of outer walls and high infill percentage (>50%) were often re-
ported to lead to a spring with more strength and higher stiffness [17,49,55,68,123,130–
133], as this adds more material to the spring, while a low infill percentage results in a 
low-stiffness spring [32]. A lower layer thickness was also recommended for a stronger 
spring [92]. 
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Support structures are often seen as a necessary evil while 3D printing, since they uti-
lize material that has to be removed in an additional post-processing step, in which deli-
cate features of the spring risk breaking off [14,125]. Support structures are only required 
for spatial springs, since planar springs can be printed flat on the build plate. In most AM 
technologies, supports are required only if the angle with respect to the build plate is not 
self-supporting [125]. Both in the Things and scientific papers, 3D printing springs with-
out support structures received a lot of attention. Helical springs can be designed in such 
a way that the angle of the windings is self-supporting, eliminating the need for support 
material [129–131,134,135]. A popular solution among the Things is to design the helix 
in such a way that each winding is resting on top of the previous winding, without fus-
ing together [101,104–107], such as in the left spring of Figure 3.8c. After printing, the 
windings have to be pried loose using a spatula or a knife. This design solution results in 
tension-only springs, since the windings are already printed in their compressed state. 
Another strategy is to design the helical spring with a self-supporting rectangular or tri-
angular cross-section, such as the right spring of Figure 3.8c, so that a flat side can be ori-
ented on the build plate, preventing the need for support structures [101–103]. 

Farahani et al. [96] reviewed self-supporting helical microsprings, for which removing 
supports would be practically impossible due to the small size of the springs. He conclud-
ed that although multiple AM methods are capable of creating precise self-supporting 
microsprings, the highest precision was obtained when printing the helix on a rotating 
cylinder, which requires a specialized set-up. Danun et al. [125] showed that it was possi-
ble to create customized spatial springs consisting of separate building blocks using metal 
AM. By taking into account the maximum overhang angles, they created self-supporting 
structures, in order to avoid lengthy post-processing operations to remove the support 
material after printing. Inkjet-type printing, such as the relatively new StarJet technique, 
allows for the creation of support-free springs by carefully controlling the printing ve-
locity, such that each droplet is deposited onto and supported by the previous one [136]. 
Skylar-Scott et al. [126] showed that they were able to build support-free helical springs 
with different geometries using a Direct Ink Writing process with silver ink utilizing this 

Figure 3.11: Examples of helical springs with variable dimensions. a) Standard helical spring. b) Helical 
spring with variable pitch. c) Helical spring with two helices intertwined. d) Helical spring with variable main 
diameter. e) Helical spring with variable wire diameter

a) b) c) d) e)
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strategy. For some AM technologies support structures are less of a problem, such as for 
powder-based technologies, in which the powder functions as support [118,119], or for 
multimaterial inkjet processes, for which custom support materials are available that can 
be dissolved in water, a chemical solution, or by means of heat [84]. In cases where support 
structures cannot be avoided, sometimes a better solution is to design custom supports 
that are easier to remove than the supports that are automatically generated by the slicing 
software [123]. 

3.5 ADVANTAGES OF 3D PRINTED SPRINGS
Advantages of 3D printed springs are that the springs can be made more complex or cus-
tomized at no additional costs, especially in the case of varying the dimensions of springs 
to obtain specific characteristics. Several studies showed the advantages of helical springs 
with variable dimensions, such as pitch, main diameter, and wire diameter (Figure 3.11) 
[6,108,109]. Arshad et al. [6] compared springs with multiple helices, variable pitches, 
and variable diameters, but with identical mass. Their findings show that the stiffness of 
springs can be increased by adding more helices, increasing the pitch towards the centre, 
and increasing the wire diameter at the centre, although the higher stiffness comes at the 
cost of fatigue life. Nazir et al. [109] also tested variable dimension helical springs, their 
findings suggest that larger wire diameters can enhance the energy storage capacity of 
the springs, but it also makes them more prone to permanent deformation. Springs with 
variations in the main diameter showed a significantly higher load-bearing capacity, as 
compared to a standard helical spring. In the design of a new kind of shoe midsole, Ali et 
al. [108] compared the performance of 3D printed helical springs with uniform dimen-
sions to 3D printed helical springs with variable dimensions, such as a varying diameter. 
They found that the variable dimension springs had a higher force bearing capacity, a 
lower deflection after loading, and better stability, which shows the advantage of using 
3D printing to create specific properties based on the requirements of the design. Rather 
than vary the dimensions of the spring itself, one Thing-author created a functional sus-
pension spring, by making use of two helical springs inside one another, in order to obtain 
the required properties [128].

3D printed helical springs often make use of a rectangular wire cross-section 
[92,95,127,130–132,135,137–139,98,100,101,103,105–107,123]. With AM technolo-
gies, rectangular cross-sections are easier to produce than circular cross-sections, due to 
the layer-wise nature of the process. An advantage of a rectangular wire is that it contains 
more material within a specified outer diameter, as compared to a circular wire, and there-
fore more energy can be stored within the same volume [1]. In addition, springs with a 
rectangular wire have a higher rigidity [2]. The elastic stress distribution is not as uniform 
as for a circular wire diameter, which can cause premature breakage of the wire. However, 
for springs with a short lifespan, such as is the case for 3D printed springs, this is less of 
a concern. A disadvantage of rectangular wire in a conventional manufacturing process 
is that the wire will deform due to coiling, and can take on a trapezoidal shape [1,2]. This 



63

ADVANTAGES OF 3D PRINTED SPRINGS

3

reduces the space efficiency and energy storage capacity. Since 3D printed springs are not 
coiled but built in a helical manner, this negative effect does not influence them. 

Wave springs have the advantage that they can be produced in shorter lengths than 
helical springs, with similar mechanical properties, such as the stiffness. However, con-
ventional production of wave springs is more complex than that of helical springs, and due 
to the production method, a small clearance exists between the waves [118]. In 3D printed 
designs, the waves are printed in a layer-wise manner, and can therefore be produced as a 
monolithic part. Haq, Nazir and Jeng [118] investigated 3D printing variable dimension 
wave springs (Figure 3.12a), and compared waves that were not connected to each other 
(D1 in Figure 3.12a) with waves that were fused together (D2-D10 in Figure 3.12a). They 
showed that the fused wave springs had improved properties over the non-contact wave 
springs, in terms of higher load-bearing capacity, higher stiffness and lower energy ab-
sorption. A larger overlap between the waves resulted in a higher stiffness. The tapered 
wave spring (D7 in Figure 3.12a) with variable diameter showed the best performance in 
terms of load-bearing capacity and energy absorption. 

Another advantage of the use of AM is the ability to produce springs with built-in 
constraints [140]. He et al. [138] considered three basic deformations for a helical spring: 
linear, bend, and twist. They integrated constraints in their designs so that the springs 
were able to only deform in one of the specified directions, and implemented them into a 
parametric design tool that can automatically generate the constraints in CAD-software 
[141]. Springs with nonlinear behaviour, in which the stiffness of the spring decreases 
with higher force application, were designed and printed by Boehler et al. [142]. They used 
material jetting with multiple materials for the design, which allowed them to compare 
a helical spring made of a single, rigid material, with a bi-material spring consisting of 

Figure 3.12: Advantages of 3D printed springs. a) Wave springs printed with variable dimensions and var-
ying overlap in the waves, D1 with no overlap, D2-D10 with varying amounts of overlap [118].b) Zigzag spring 
with built-in constraint to only allow linear motion [143]. c) 3D printed doorstop with built-in constraint to 
prevent it from buckling one way [17].  
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a rod of flexible material as the spring element. The bi-material spring showed a larger 
range of stiffness variation. A number of Thing-authors also incorporated deformation 
constraints into their designs, most commonly in combination with zigzag springs (Fig-
ure 3.12b-c) [17,18,21,143,144]. 

3.6 DISCUSSION AND CONCLUSION
This review article provides an overview of AM spring designs, as encountered in scien-
tific articles and a hobbyist database, called Thingiverse. We categorized the springs we 
encountered in planar and spatial designs, and analysed their design, applications, and 
fabrication method. The design freedom of AM can be used to create more complex spring 
designs in less time as compared to conventional manufacturing. Most designs we have 
encountered are not original for AM, but rather based on conventional designs. However, 
other advantages of using AM have been utilized, such as varying the dimensions within 
one spring to customize the performance to the application, and integrating constraints. 
In addition, many of the hobbyist authors did not print a single spring, but integrated the 
spring into larger, functional designs that can be printed in one step, so-called print-in-
place or non-assembly designs [20,21,76,131,135,145,22,26–28,30,52,64,66]. 

The limitations of AM technologies should always be taken into account to ensure 
the functional performance of the spring. Limitations related to the layer-wise nature 
of AM are particularly relevant for the design of springs consisting of relatively fragile 
wire structures, with relatively high deformation modes. The sensitivity of spring designs 
to the build plate orientation and layer directions can limit their mechanical properties 
[113], and as such their application in non-assembly mechanisms and integrated applica-
tions, where it is not always possible to orient the spring in the preferred way. The layered 
nature of 3D prints can also influence their longevity. Although the performance of 3D 
printed springs has been studied and modelled, relatively little attention has been paid 
to the fatigue life [6,92]. This is particularly relevant since plastics are the main used ma-
terial for 3D printed springs. All found studies focused on a single AM method for their 
springs; comparisons between different printing techniques for equal designs were not 
found [92]. In addition, we encountered only a few comparisons between 3D printed 
springs and springs produced with conventional manufacturing. 

The spring designs from the Thingiverse database were often not substantiated or sys-
tematically tested, however the models provided insight into a diverse range of possible 
3D printed spring designs and potential applications. Moreover, these designs covered a 
much larger variety of geometries and possible applications than found in the scientific 
literature. The scientific articles, however, provided more insight into the performance of 
various spring designs, by systematically testing and describing all aspects of the design. 
We have encountered several cases in which a result from the hobbyist database was based 
on a scientific article, and vice versa. Therefore, both scientific and hobbyist results com-
plement each other to give a complete overview of possible spring designs for AM, and can 
be used as inspiration for future research. 
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The lack of completely new spring designs that we encountered can be attributed to 
the difficulty of predicting the properties of 3D printed springs. Even for conventional 
designs, the AM process provides a number of uncertainties, due to its anisotropic nature, 
that make it difficult to theoretically model the behaviour of the spring. Considering that 
the spring behaviour will be different depending on the chosen AM process, material, ori-
entation on the build plate, layer height, printer parameters, et cetera, the design of AM 
springs relies more on practical experiments than theoretical models. This means that it 
can be fairly time-consuming to develop a spring with the necessary properties for a given 
application. The hobbyist community can contribute in this respect to this practical ap-
proach, since they already adopted a hands-on trial-and-error approach towards printing 
of springs, and can be considered as a library of best-practice examples as a starting point 
for further development. 

Due to the sheer number of Things available in Thingiverse, it is more than likely that 
we missed relevant and interesting results. However, since the number of models changes 
daily, it is unfeasible to sort through all results in an objective manner. In addition, the 
search engine of Thingiverse is notoriously unreliable, and will present different results 
on different days or in different browsers when searching only for ‘relevant’ results. The 
most stable metrics are popularity and number of makes, especially in the higher num-
bers, since it will take some time for a model to build up enough traction to receive many 
likes and makes. In order to get a significant number of likes, the print needs to be well de-
signed, but also well-printable. As such, the designs that were included in this review have 
in a way been peer-reviewed by other users of the platform, because users will comment 
on mistakes, correct them with models of their own, as well as vote for well-thought-out 
designs. 
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A STUDY ON POLISHING COMPLEX 
3D PRINTED PARTS

Parts produced with metal additive manufacturing often suffer from a poor surface fin-
ish. Surface finishing techniques are effective to improve the quality of 3D printed sur-
faces, however they have as downsides that they also slightly change the geometry of the 
part, in an unpredictable way. This effect on the geometrical features of complex parts has 
received little attention.  In this research, we illustrate a method to visualize the impact 
of surface finishing techniques on geometrical features, as well as their effectiveness on 
parts with high shape-complexity, by using centrifugal disk finishing as a case study. We 
designed and 3D printed test parts with different features using selective laser melting, 
which were coated with a blue metal lacquer prior to polishing. After polishing, the blue 
lacquer was eroded away from the spots that were easily reached by the polishing process, 
yet had remained on the surfaces that could not be reached by the process. We used meas-
urements of material removal and image processing of the remaining blue lacquer on the 
surfaces to analyze these effects. Using this method, we were able to derive a number of 
specific design guidelines that can be incorporated while designing metal AM parts for 
centrifugal disk finishing. We suggest that this visualization method can be applied to dif-
ferent polishing methods to gain insight into their influence, as well as being used as an 
aid in the design process. 

Published as:
K. Lussenburg, R. van Starkenburg, M. Bruins, A. Sakes, P. Breedveld, Polishing of metal 3D 
printed parts with complex geometry: Visualizing the influence on geometrical features using cen-
trifugal disk finishing, PLoS One. 18 (2023) e0289730. 
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4.1 INTRODUCTION
Metal additive manufacturing (AM) processes allow for the production of components 
with a high shape complexity and with excellent mechanical properties. Most current 
metal AM processes use a metal powder that is fused together using a laser in the desired 
shape, which is referred to as powder bed fusion (PBF). Widespread adoption of metal 
AM for precision applications is hindered by the rough surface finish of as-built parts [1], 
caused by the powder-based nature of the process [2]. For high-precision mechanical parts, 
such as those used in medical instrumentation, a poor surface quality increases friction 
and wear on parts that interact with each other [3,4]. Relatively speaking, the influence 
of a poor surface quality is even more pronounced for small or miniaturized parts, where 
geometrical feature sizes are only a few times larger than the size of the metal particles. An 
example of this is shown in Figure 4.1. 

Surface finishing techniques can be employed to improve the surface quality of these 
parts, by removing partially adhered particles from the surface, closing pores and micro-
cracks, and diminishing visible layers and laser patterns [5–7]. Mechanical surface finish-
ing techniques, in which a mechanical interaction with the surface is responsible for the 
polishing rather than a chemical or electrical interaction, are reported to be most effective 
for creating a high quality surface [8–10]. With mechanical polishing a mirror-like sur-
face can be produced (0.0254 µm) [11]. However, when applied to complex AM geometries, 
most mechanical processes have the disadvantage that they are extremely labor-intensive 
and require a lot of manual intervention [8], or they may not be able to reach all surfaces 
of the object at all. Therefore, they may be less suitable to process functional, complex 3D 
printed parts in a high volume [12], and they negate the advantages of the high shape com-
plexity enabled by AM. 

Mass Finishing (MF) processes offer a solution for these applications [12,13]. The 
working principle of MF is based on the use of abrasive polishing media, such as ceramic 
or plastic beads, agitated by mechanical means, often by rotation or vibration. The pol-
ishing media, in some cases combined with a liquid medium, comes into contact with the 
surface of the submerged parts and removes material from the surface by abrasion, as well 

Figure 4.1: Example of the rough surface of parts printed with metal AM(left). The parts are meant to be 
used in a steerable, medical instrument, however they require extensive polishing before they can be used 
in a functional mechanism (match for scale). As comparison, on the right the same parts 3D printed using a 
polymer-based AM process. 
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as impart a polishing effect. Important processing parameters for MF processes are the 
size of the polishing media, speed of motion, and processing time. Generally, the use of 
larger sized particles results in a higher material removal rate and a better surface qual-
ity [14,15]. Prolonged contact with the abrasives in the form of a longer processing time 
results in the same effect [14,16,17], up to a limit [15]. Higher speeds are also associated 
with higher material removal rates, due to higher forces being applied to the workpieces 
[16,18,19]. The fill level of the container with polishing media was shown to have a negli-
gible effect on material removal rates, higher load levels decreased the chance of contact 
between the abrasives and workpiece [14,18]. The advantages of MF processes are that the 
process is hands-off, it can process multiple parts at once, and it can be customized to the 
type of metal and surface finish required. 

When the settings of MF processes are properly selected, surfaces with Ra of 0.52 to 
5 µm Ra can be obtained [14]. However, as with any surface finishing process, unwanted 
side effects of MF processes include rounding of sharp edges, changes in part dimensions, 
decreased feature resolution, and changes in flatness [11,20]. These side effects are espe-
cially impactful for miniature parts, and become more prominent with longer processing 
times [13]. Surface improvements for internal surfaces are also less pronounced, unless 
they are designed significantly larger than the polishing media [18]. 

So far, research efforts into surface finishing processes for metal AM parts have fo-
cused on illustrating the improvements in surface finish only, executed on simple ge-
ometrical shapes such as cubes or discs [4,9,10,12,21–24]. As such, little information on 
the geometrical impact of surface finishing techniques on complex structures, such as 
those that can be produced with AM, is available. To apply PBF-printed parts in minia-
ture, high-precision applications, it is important to not only know the surface roughness 
improvements that can be obtained with various methods, but also how effective these 
methods are on complex features, as well as the geometrical effects on features. This in-
formation can aid in the development of more robust design guidelines, facilitating high-
er quality in the AM process and the final components [13]. 

Making informed decisions early on in the design process is already commonly ap-
plied in design methodologies such as Design for Additive Manufacturing [25], although 
no such guidelines currently exist for post-processing methods. Therefore, in this study, 
we investigate how geometrical features are altered as a result of centrifugal disk finish-
ing (CDF), a common MF process, and which types of features do not lend themselves well 
to polishing by CDF.  In order to do so, we designed an experiment in which a miniature 
3D printed test part witch complex geometrical features was coated with a blue marking 
lacquer for metals, before undergoing polishing. After polishing, the remaining lacquer 
gives a visual pattern of the surfaces on the part to which the polishing media had access. 
The results led to a number of design guidelines that can be of help during the design pro-
cess of SLM parts. 
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4.2 MATERIALS AND METHODS

4.2.1 Process
For this study, we designed a test part as shown in Figure 4.2a, which includes extruding 
features, recessed features, and mechanical features (gear teeth, ledges). The features were 
designed in such a way that none of them were obscured by other features, and all were 
large enough to allow theoretical access of polishing media. Twelve test parts were 3D 
printed by a commercial company, Materialise NV (Leuven, Belgium) on an EOS M280 
(EOS GmbH, Germany), in stainless steel 316L. The parts were printed in the upright po-
sition shown in Figure 4.2a. Parts received a heat treatment to reduce internal stresses 
and were removed from the support structures using wire electrical discharge machining. 
The specific print and processing settings used for the test parts were not disclosed by the 
manufacturer. Instead, as a reference value, the surface roughness of the flat side on one 
of the test parts was measured (Mitutoyo SJ-301 Surftest, Mitutoyo Corporation, Japan) 

Figure 4.2: Test parts used in this study. a) The designed test part showing the different features that were 
implemented. b) An example of one of the test parts after printing. c) The CDF used in this study. d) The differ-
ent types of polishing media used in this study, it should be noted that the distinction coarse, medium and fine 
refer to the removal of the surface material, not the size of the media. Media types: Coarse DZS 6/6, medium 
KM 10 and PM 10, fine ZSP 3/5 and DZP 3/3 SK (OTEC, Germany).
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with a tolerance of 0.01 µm, across a length of 4 mm. An example of a printed test part is 
shown in Figure 4.2b. 

Surface roughness is often used as a measure of the effectiveness of surface finish-
ing processes, however this is difficult to measure on complex geometrical shapes. Since 
not all surfaces will be targeted equally, this would also require many measurements. In 
contrast, with the naked eye it is difficult to see which surfaces have been targeted by the 
polishing process and to what amount. The solution we found is to apply a blue marking 
lacquer for metals (Griffon, Bolton Adhesives, The Netherlands) on the parts that is erod-
ed away in places that make contact with the polishing media. The coating will remain in 
places that are not in contact, or not in sufficient contact, with the media, leaving a visual 
pattern on the surface. The lacquer was applied on the parts after printing, with an ap-
proximate thickness of 0.05 mm. It should be noted that since the lacquer influences the 
effectiveness of CDF, a smaller improvement in surface finish will be expected. 

The parts were polished using CDF (CF 1x18 B, OTEC, Germany), shown in Figure 
4.2c. In CDF, the parts are submerged in a container with polishing media with or with-
out a liquid, which is brought into motion by a rotating disk at the bottom. Several steps 
with different polishing media are usually applied for the best results. Generally speak-
ing, larger abrasive media will be more effective on the external surfaces of the part and 
have a faster cut rate, while smaller media are able to reach into the interior regions and 
small features [11,26]. The size of the abrasive media is also important to keep the sub-
merged parts separate from each other and prevent them from clashing [13]. The shape 
of the abrasive media should be chosen in such a way that it permits access to all surfaces 
of the part [13]. Based on preliminary tests and advise of the manufacturer of the CDF, we 
settled on a polishing schedule consisting of three steps of 120 minutes with coarse, me-
dium, and fine polishing media with different shapes. In Table 4.1, the details of the used 
process steps are given, for each step fresh media was used. We investigated the influence 
of the coarseness of the media and the total duration of polishing on the geometrical fea-
tures, by dividing the twelve parts into four groups of three that were polished in different 
polishing steps, as shown in Table 4.2. The order of the steps was in decreasing coarseness 
in all cases. The polishing media is shown in Figure 4.2d. It should be noted that while the 
KM 10 and PM 10 media are recommended as a second step for a less abrasive polish, the 
particles itself are larger in size than the coarse media.

4.2.2 Analysis
As a measure of the overall effectiveness of the CDF process, we measured the removed 
material on different places on the part. No additional surface roughness measurements 
were performed, since the applied lacquer would interfere with the measured roughness 
values. The overall width of the part, as well as the top and the base of the pillar and col-
umn, were measured before polishing and after each polishing step using a digital mi-
crometer (Mitutoyo Digimatic IP65 0-25mm, Mitutoyo Corporation, Japan), across the 
entire length of the parts. The radius of one of the outer edges was measured using a dig-
ital microscope (Dino-Lite 3.0, AnMo Electronics Corporation, Taiwan). For the recessed 
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taper and cone, using the digital microscope we determined how deep into the feature the 
polishing media had reached, by measuring the distance from the top of the feature to the 
edge of where the blue lacquer was completely intact. 

Images of different surfaces and features were used to visually compare where the 
coating was eroded away and with what intensity. To analyse the remaining blue colour 
on the parts, photos were taken of the sides of the test part and of the features using a 
digital microscope in standard office lighting (Figure 4.3a). The images were processed in 
Photoshop (Adobe Inc., USA) to extract only the blue tones. An RGB image contains three 
channels: red, green, and blue. The ‘Color Range’ command allows the user to select pix-
els of an image based on their colour channel. By selecting ‘Blues’ within the Color Range 
command, only pixels within the blue channel were selected. All other pixels were set to 
a white colour (Figure 4.3b). These images were saved as Bitmap images and processed in 
MATLAB R2021b (The MathWorks Inc., USA), using a script that converts the blue pix-
els to black, using the function im2bw with a threshold of 0.8 (Figure 4.3c) [27,28], after 
which the percentage of black pixels of the total pixels was calculated for each image. The 
areas that were analysed were one of the side surfaces, including the recessed corner, the 
top surface between the extruding features, the top view of the gears and ledges, and one 
side of the extruding pillar and column (Figure 4.3d).

Table 4.1: Process details for the different centrifugal disk finishing polishing steps used. All materials are 
from OTEC, Germany. 

Coarse step Medium step Fine step

Polishing media DZS 6/6 KM 10 and PM 10 ZSP 3/5 and DZP 3/3 SK

Size 6 x 6 mm 10 x 12 mm and 

10 x 10 mm

3 x 5 mm and 3 x 3 mm

Compound SC15 SC15 SC5

Speed 280 rpm 260 rpm 220 rpm

Water flow 10 L/h 10 L/h 10 L/h

Water con-

centration

3% 3% 3%

Type Ceramic-bonded Plastic-bonded Ceramic-bonded

Table 4.2: The polishing steps and time for each of the test groups. 

No. of parts Coarse Medium Fine Total time

Group 1 3 parts 120 min - - 120 min

Group 2 3 parts 120 min 120 min - 240 min

Group 3 3 parts 120 min 120 min 120 min 360 min

Group 4 3 parts - 120 min 120 min 240 min
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4.3 RESULTS AND DISCUSSION

4.3.1 Surface effects
The initial surface roughness on the side of the test part was Ra = 9.49 µm before polishing, 
which is in line with reported roughness values between 2 and 15 µm Ra for SLM parts 
[14,29,30]. Figure 4.4a shows the normalized measurements of the width of the test parts 
before and after polishing, compared with the as-drawn width of the test part (horizontal 
axis). The average width of the as-printed test parts was 8.17 mm ± 0.05 mm before pol-
ishing, compared to a designed width of 8.0 mm. After polishing, the average width of 
the parts in Group 1 to 4 was: 8.02 ± 0.02 mm, 7.94 ± 0.02 mm, 7.97 ± 0.01 mm, and 7.97 
± 0.01 mm, respectively. These results show that the CDF process can be used to correct 
for the dimensional error caused by the printing process. It should be noted that these 
measurements include the thickness of the layer of lacquer of approximately 0.05 mm 
that was partially polished away. Figure 4.4b shows that for Group 1 and Group 2 on aver-
age 0.21 mm material was removed from the width, for Group 3 on average 0.23 mm, and 
for Group 4 on average 0.14 mm. It is clear that the coarse polishing step is responsible for 
most of the material removal, which is in agreement with other studies [14], although for 

Figure 4.3: Image processing of the remaining blue color on different surfaces on the parts. a) Photo tak-
en of the side of one of the test parts, shown here as an example. b) The same image with only the blue tones 
extracted. c) The image converted to black and white, in which the blue pixels are converted to black. These 
image were used to calculate the percentage of remaining blue on the surfaces. d) Location of the areas that 
were analyzed indicated in orange, with example photos of one of the test parts. 
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Group 4 it is noticeable that the medium step has more influence on the total material re-
moval than for Groups 2 and 3. This implies that the first polishing step is responsible for 
most of the material removal, regardless of the coarseness of the polishing media. Round-
ed edges are a familiar side effect of mechanical polishing that is also present in our test 
parts. Only edges on the outside of the part (positive edges) experience this effect, because 
theses edges are more exposed to the polishing media. All sharp outside edges have been 
rounded by the polishing process, while the internal edges were not polished. The average 
outer edge radius was 0.23 ± 0.03 mm after polishing. Group 4 experienced the smallest 
edge rounding with a radius of 0.20 ± 0.03 mm.

In all instances, after polishing blue lacquer has remained in the ‘pores’ on the surfaces 
of the parts (Figure 4.5). The calculated percentages of blue color on the analyzed top and 
side areas are given in Table 4.3 and Figure 4.4c-d. For the side of the part, the amount 
of remaining lacquer decreases from Group 1 to Group 3, as expected with additional 
polishing steps. The most lacquer remained on the test parts in Group 4, illustrating that 

Figure 4.4: Material removal caused by polishing. a) Absolute dimensional error of the width of the test 
parts, unpolished refers to the coated parts before polishing. b) Material removal of the width of the parts per 
polishing step. c) Calculated percentage of remaining blue lacquer on the side of the part. d) Calculated percent-
age of remaining blue lacquer on top of the part between the two extruding features.
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one course polishing step removes more material than a medium and fine step together. 
When comparing Figure 4.4b and Figure 4.4c-d, it can be seen that the remaining lacquer 
on the surface decreases with additional polishing steps, i.e. the surface quality increases, 
however for the material removal this connection is less distinct. This shows that the in-
fluence of additional, finer polishing steps on the amount of removed material stagnates, 
while the surface quality keeps improving. This is in line with other research suggesting 
larger particles are responsible for most of the material removal [14,15]. 

On the top surfaces, it is visible that the extruding features and protrusions have part-
ly shielded the surrounding areas from being polished (Figure 4.5a). This is also clearly 
visible in the calculated blue color in the area between the extruding features in Figure 
4.4d. The average of the remaining color for each group is higher than that for the side 
surfaces. This is most noticeable for Group 4, where the average percentage of remaining 
color is more than twice as high as on the side surface. A possible explanation is the size of 
the medium media, which is larger than the coarse media and therefore does not fit as well 
between the features. However, it is noticeable that this effect does not occur for Group 
2, which has a significantly lower percentage blue left than Group 1. It is possible that the 
coarse media partly dislodges the lacquer, which is subsequently removed by the medium 
and fine media, while on their own the medium and fine media are not abrasive enough to 
remove the lacquer between the extruding features.

4.3.2 Feature effects
In Figure 4.5a-b, it is visible that more lacquer remains on the recessed features than on 
the extruding features. The mechanical features, i.e. the gear teeth and ledges, show a lot 
of remaining lacquer, indicating that the polishing media does not properly access them, 
although in theory the features were large enough to allow access. Figure 4.6a shows the 
calculated percentage of blue in the gears and ledges combined. Here the remaining lac-
quer is higher than for the flat surfaces, and there are no substantial differences between 
the four groups. Adding more polishing steps seems to have no significant advantage for 
the polishing of these features, which remain hard to access. Similar results were found 
for the recessed cone and taper. The extent to which these were polished was measured by 
the depth of the feature to which the polishing media reached. For Groups 1 to 3, the cone 

Group 1 Group 2 Group 3 Group 4

Side 27.6 ± 2.0 15.9 ± 3.5 10.1 ± 6.1 36.6 ± 8.4

Top 44.3 ± 15.8 18.7 ± 5.9 19.2 ± 9.7 78.4 ± 7.0

Gear & ledges 59.2 ± 0.8 63.5 ± 6.8 56.2 ± 5.2 62.6 ± 6.7

Pillars 26.7 ± 2.0 25.4 ± 3.4 19.6 ± 6.4 38.4 ± 10.9

Columns 19.1 ±4.0 17.3 ± 6.3 10.1 ± 2.7 22.1 ± 3.1

Table 4.3: Calculated percentage of blue lacquer remaining on the parts, based on different views of the 
test part. 
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Figure 4.5: Remaining blue lacquer on the test parts after polishing. a) Side view of all test parts per group. 
b) Close up of the recessed taper and cone on the other side of the test parts.
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was considerably more polished than the taper, with a depth of 3.67 ± 0.21 mm versus 3.04 
± 0.04 mm for Group 1, 4.39 ± 0.51 mm versus 2.69 ± 0.40 mm for Group 2, and 3.96 ± 1.15 
mm versus 3.01 ±0.16 mm for Group 3. In Group 4, none of the recessed features were 
polished beyond the top edge of the feature. In Figure 4.5, it can also be seen that more 
lacquer remains on the sides of the recessed features. 

Figure 4.5a shows that the protruding columns appear more polished than the pro-
truding pillars, which is confirmed by the calculated percentage of blue in the images (Fig-
ure 4.6b). However, the average material removal, measured at the cross-section of the top 
of both features is comparable: 0.10 mm ± 0.02 for the column, and 0.10 mm ± 0.03 for the 
pillar. This indicates that rounded features lend themselves better to polishing than sim-
ilar angular features. When comparing the material removal at the top with the material 
removal at the base of both features, as shown in Figure 4.6c-d, for both features material 
removal at the top was on average 50% more than at the base. Protruding surfaces have a 

Figure 4.6: The effects of polishing on different features of the test part. a) Calculated percentage of re-
maining blue lacquer on the gear and ledges. b) Calculated percentage of remaining blue lacquer on the extrud-
ing pillar (green) and column (purple). c) Material removal of the pillar, on the top and the base. d) Material 
removal of the column, on the top and base. 
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higher chance of being in contact with the polishing media, which means that the diame-
ter of such features will change along its length. 

4.3.3 Limitations and recommendations
Visualization of polishing patterns using marking lacquer is a novel approach to further 
understanding the details of MFT processes. It is a simple and inexpensive method to ob-
serve differences in polishing compatibility for different geometries. However, there are 
still some limitations to this test. For instance, the marking lacquer was difficult to apply 
evenly across the part, and tended to pool in inside corners and the base of the gear teeth, 
leaving a thicker layer which could have influenced results. Different marking lacquers 
or coatings can be tested to obtain a more even application. In addition, the presence of 
the lacquer on the part will have influenced the effectiveness of the polishing process to 
some extent. Although the lacquer is less hard than the stainless steel of which the parts 
are made, this is still an additional layer that needs to be polished away. Therefore, it is 
an effective measure of visualizing the polishing patterns, but less suitable to determine 
the actual efficiency of the polishing process with regards to the surface roughness and 
the material removal rate. The image analysis method employed in this study is useful for 
comparison within batches, but due to sensitivity to lighting the absolute results may vary 
in different conditions. Additional research into other process parameters of CDF, such 
as rotational speed, and abrasive media shape and size, is required to provide insight into 
their effect on surface finish as well as geometrical features. We recommend that in order 
to optimize the processing settings for a specific design, test parts with representative fea-
tures of the final design should be used [26]. 

Although in this study we focused on the CDF process, we imagine that the same work-
flow can be applied to different polishing methods in order to gain insight into the ef-
fect of the polishing method on the geometrical features and its effectiveness on a com-
plex-shaped part. This method can be particularly helpful to design small, functional 
parts. Before committing to a final design, we imagine a test part with similar features 
should be designed and printed, and different polishing steps can be applied. This method 
can gain insight into which features are problematic for polishing, and should therefore 
be altered or avoided in the final design, as well as gain insight in which combination of 
polishing steps and duration is most suitable for the final part. 

4.4 CONCLUSION
From the performed experiments, we can distill some general design guidelines that can 
be useful when designing metal AM parts that should be processed using CDF. 
1. Extruding features shield the remaining surfaces from polishing, and should there-

fore not be placed next to functional surfaces or next to other extruding features.
2. The discrepancy between top and base of extruding features can be solved in the 

design phase by applying a negative draft angle to the feature.
3. Recessed features are difficult to polish, although the backside of these features is 
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more easily accessible than the sides. When a functional surface is required in a 
recessed feature, the back surface of this feature is more suitable than the sides. 

4. Rounded features lend themselves better to polishing than features with sharp cor-
ners, whether they are extruding or recessed. 

5. All extruding edges will be rounded by the CDF process, while recessed edges re-
main largely unpolished. This should be taken into account when relying on sharp 
edges for functional features. Since the exact amount of material removed from 
the edge cannot be controlled during polishing, it is better to apply a rounded edge 
in the design phase with a known value. Negative edges can be included in the de-
sign, although it should be noted that they will receive little polishing.

6. Even if complex features, such as the gears in this study, are designed to allow ac-
cess to the polishing media, they remain difficult to polish no matter the polishing 
cycles of CDF. Therefore, these should either be avoided or polished using a differ-
ent polishing process. 

7. Additional polishing steps with fine media appear to have more influence on the 
surface quality than on the material removal, for the surfaces that can most easily 
be reached by the polishing media. Therefore, when a mirror-smooth surface is re-
quired, it should be sufficient to only take into account the material removal of the 
first polishing step in the design phase. 
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HIGH-PRECISION 3D PRINTING: 
MINIATURE TROCAR

Stereolithography is emerging as a promising additive manufacturing technology for a 
range of applications in the medical domain. However, for miniature, medical devices 
such as those used in ophthalmic surgery, a number of production challenges arise due to 
the small size of the components. In this work, we investigate the challenges of creating 
sub-millimeter features for a miniature, functional trocar using Stereolithography. The 
trocar cannula system is used in eye surgery to facilitate a passage for other instruments. 
A standard trocar consists of a hollow cannula and a flexible check valve. The research was 
performed in two stages: in the first stage we investigated the effect of different materials 
and print settings on the current design of the cannula and the valve separately, and in 
the second stage we used these findings to optimize the design and production process. 
After the first investigation, it became apparent that even though the dimensions of the 
trocar are within the feature size range of Stereolithography, all hollow features tended 
to fuse shut during printing. This effect appeared regardless of the materials or print set-
tings, and can be attributed to refraction of the laser source. In order to circumvent this, 
we identified two potential strategies: 1) increasing the negative space surrounding fea-
tures; and 2) decreasing the surface area per layer. By applying these strategies, we test-
ed a new design for the cannula and valve and managed to 3D print a functional trocar, 
which was tested in an artificial eye. The design of the 3D printed trocar allows for further 
personalization depending on the specific requirements of both patient and surgeon. The 
proposed strategies can be applied to different applications to create miniature features 
using Stereolithography.
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5.1 INTRODUCTION
Additive manufacturing (AM) or 3D printing offers great flexibility in creating and pro-
ducing complex parts and mechanisms. Especially in the medical domain, AM has been 
recognized for the benefits it offers in terms of personalization, additional functionali-
ties, and production of increasingly complex structures [1,2]. In the field of ophthalmol-
ogy, AM has been used for a variety of applications related to the eyes, such as the pro-
duction of eye glasses, ocular prostheses, implants, and ophthalmic instruments, such as 
trocars [3–5]. For ophthalmic surgical instruments, which are often in the sub-millim-
eter-scale range, it is important that AM technologies offer accuracy and repeatability, 
in addition to a small manufacturing size. Among the commercially available AM tech-
niques, vat photopolymerization processes, such as Stereolithography (SLA) or Digital 
Light Processing (DLP), have become popular in the medical domain. Their popularity can 
be attributed to a high resolution, currently in the range of 25 µm [6–8], and the availa-
bility of biocompatible materials [6]. Because of these factors, SLA and DLP are widely 
accepted in the medical domain, for applications ranging from patient specific implants 
to anatomical models [6,9]. 

Despite the advantages of SLA and DLP techniques, when the size of parts or features 
approach the maximum resolution, limitations in accuracy become apparent. Manuals of 
3D printers and technical datasheets of the materials only give theoretical information 
about the obtainable minimum accuracy, which does not always reflect the actual result. 
The final accuracy of a part is influenced by many factors, such as the material, process 
parameters and even the specific 3D printer [10]. This means that it is likely that the 3D 
printed parts slightly deviate from the as-drawn dimensions. Therefore, for the design 
of miniature, functional devices, it is important to investigate the factors that influence 
the accuracy. In this research, we attempt to manufacture a miniature, functional trocar 
cannula system as used in ophthalmic surgery, while coping with minimal feature sizes of 
several micrometers and a high required accuracy [11].

5.1.1 Trocar design
The trocar cannula system is used in ophthalmic surgery to gain access to the interior 
section of the eye, by providing a working channel for other surgical instruments (Fig-
ure 5.1). The trocar is placed through the sclera, which is the outer protective layer of the 
eye, by means of a small incision made with an inserter knife. The trocar itself consists of 
a metal channel, the cannula, with a flexible valve on top (Figure 5.1b). After placement 
of the trocar, the channel is kept closed by the flexible closure valve. This is necessary in 
order to ensure that no fluids or gases are exiting the cannula, and to maintain a steady 
intraocular pressure during the surgery [11]. The valve has three functions: 1) compliancy 
to let an instrument enter the eye, 2) enough springback to close after the instrument is 
removed without permanent deformation, and 3) no open gaps when the valve is closed to 
prevent leakage, which can be achieved by a distance of less than 10 µm between the valve 
flaps. The inner diameter of the channel must be compatible with the industry standard 
sizes of instruments used during ophthalmic surgery, which are commonly 23G (0.64 
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mm), 25G (0.51 mm) and 27G (0.40 mm) [12]. Since other surgical instruments will be in-
serted through this channel, the internal accuracy is of greater importance than the outer 
accuracy, although a smaller outer diameter is preferred to minimize the size of the inci-
sion and the insertion forces. The length of the cannula channel is commonly around 4 
mm, which is long enough to reach the internal cavity of the eye, but not too long to cause 
damage to internal structures [13]. 

5.1.2 Stereolithography
The principle behind SLA is vat photopolymerization, in which a liquid photopolymer is 
exposed to a light source that cures the material into a final object. The light is generated 
by a single laser spot, the size of this spot determines the minimum feature size [14]. The 
x,y-resolution is defined by the precision with which the laser spot can move, whereas the 
z-resolution is defined by the minimum layer thickness, i.e. the precision with which the 
z-axis can move. For this study, the SLA printer used was the Form 3B (FormLabs, USA), 
which has a reported x,y-resolution of 25 µm, and a minimum layer height of 25 µm[15]. A 
single laser is used for curing, with a laser spot size of 85 µm,  405 nm wavelength, and 250 
mW power [15]. The FormLabs system is a closed system, which means that it is not pos-
sible to adjust settings such as laser power or scanning speed of the printer itself, rather 

Figure 5.1: Trocar cannula system used in eye surgery, as developed by D.O.R.C. (Dutch Ophthalmic Re-
search Center International (Zuidland, The Netherlands)). a) Schematic of a cross-section of the eye with a 
typical set-up for eye surgery. The trocars function as a channel into the eye for surgical instruments. Only 
the channel of the cannula is inserted into the eye, the top part of the cannula with the valve remains outside 
the eye. b) Schematic illustration o f a trocar consisting of a valve (blue) and cannula (grey). c) Photograph of a 
trocar on the inserter knife, before insertion into the sclera.
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the slicing software will decide on the appropriate settings based on the chosen material.
Although often used interchangeably, there is a difference between the resolution of a 

3D printer and the dimensional accuracy it can produce [16]. The resolution is a 3D print-
er-specific value, for which often the increments with which the laser spot can move are 
used, which can be used as an indication for the minimum feature size. The dimensional 
accuracy is dependent on many different factors, among which the material, laser inten-
sity, calibration of the 3D printer, geometry of the part, color of the resin and even the 
settings of the file format used [16–18]. Due to these many factors, it is difficult to give 
a general value for the dimensional accuracy of a specific AM technique [16]. Previous 
studies have attempted to find the optimal process settings for increasing the accuracy 
of SLA processes, although it remains unlikely that these will be the same for all possible 
designs. The influence of process settings such as build orientations, printing direction, 
layer height, and material properties on the dimensional accuracy have been extensively 
studied [19–27]. 

The materials used in SLA are liquid photopolymer materials, engineered to cure un-
der a light source. The exact composition of the materials is mostly proprietary informa-
tion of the manufacturer, the materials are usually known by given names that describe 
one of their properties or applications. Little information is available on the mechanical 
properties of these resins, therefore selection of appropriate materials will often be on a 
trial-and-error basis. To remove residual liquid resin from the cured material after print-
ing, the part is typically washed in isopropanol. Afterwards, a post-curing step takes place 
using heat and UV-light, to obtain the optimum mechanical properties of the material. 

5.1.3 Challenges
For the trocar, there are a number of challenges in its current design. The design of the 
cannula relies on the successful printing of a small, open channel, and for the valve three 
open incisions need to be printed accurately. These type of hollow features with small di-
mensions (>200 µm), i.e. negative features, proved difficult in the production of micronee-
dles [28] and microfluidic devices [29,30]. Such enclosed channels are generally fused shut 
during the production process. In contrast, small, “positive” features can be produced ac-
curately using SLA [31]. To investigate these limitations, the design and printing of the 
trocars was carried out in two stages. In the first stage, the design was printed as-is with 
minimal changes, to determine the most suitable print settings and materials, as well as 
indicate problematic areas that require a redesign. In the second stage, the design and pro-
cess are optimized for SLA printing, in order to obtain a functional trocar.

5.2 INITIAL DESIGN

5.2.1 Initial design and method
First we investigated the effect of the used materials on the accuracy of positive and neg-
ative features of the trocar. The challenge in printing the cannula is obtaining an open 
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channel of the desired dimensions with the thin wall thickness required (Figure 5.2a). 
Four materials were investigated to 3D print the cannulas: Dental SG, Model, Grey Pro, 
and Durable, of which Dental SG and Model are both biocompatible materials. In addi-
tion, two process settings were tested: 1) the build orientation and 2) the layer height. The 
cannulas were printed in three different print orientations: 0˚, in which the channel is 
positioned vertically, 45˚, and 90˚, in which the channel is positioned horizontally (Figure 
5.2b). For the layer height, the smallest and largest layer heights were chosen. Depend-
ing on the material, the smallest layer height was 25 µm or 50 µm, while the largest layer 
height was 100 µm for all materials. For each print setting three cannulas were printed, re-
sulting in a total of 18 printed cannulas per material. After printing the parts were washed 
and post-cured according to manufacturer instructions, and measurements were taken 
using a digital microscope. 

The challenge in 3D printing the valve is to obtain separate valve flaps that can move 
independently, but are close enough together to prevent leakage. To facilitate this, we ad-
justed the design to be more suitable for 3D printing by maximizing the length of the slits 
to 2.6 mm, which is the maximum length without changing the size of the cap itself, and 

Figure 5.2: Overview of the 3D printed cannulas and valves. a) Design and dimensions of the printed can-
nula. b) Example of the 3D printed cannulas in three different orientations, still on their support structure. c) 
Design and the dimensions that were tested for the valve, in which  tslit is the thickness of the slits, and ttop is 
the thickness of the top. d) Example of the 3D printed valves with different dimensions, still on their support 
structure.

a) b)

c) d)
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by applying a four slit cross shape instead of the three slits in the original design in Figure 
5.1b, to allow for more compliancy. The tested parameters were the top layer thickness 
and the slit thickness, illustrated in Figure 5.2c, since both influence the functions of the 
valve. The thickness of the top layer (t

top
) was tested in thicknesses starting at 75 µm up to 

200 µm, with increments of 25 µm. The thickness of the cuts of the slits (t
slit

) ranged from 
10 µm to 200 µm, with increments of 10 µm. The assumption here is that for the sizes 
larger than the desired slit size, the slits will be partially fused and end up approaching the 
desired slit size. Based on these dimensions, a total of 120 valves were printed per material 
(Figure 5.2d). 

Four different materials were investigated to 3D print the valves: Dental SG, Durable, 
Elastic 50A, and Flexible 80A. A digital microscope was used to measure the tslit of the 
valves for which the slits were as close together as possible, but not fused shut. Subsequent-
ly, a 27G hollow needle was used to test the valves’ compliancy and level of springback, by 

Figure 5.3: Results of the investigation into different materials and print settings for the cannulas. a) 
Example of the distal ends of the valves printed in Model, which was among the most successful materials, 
in different orientations and with different layer heights. For the cannulas in the 90º orientation, the sup-
port pillar is visible at the bottom. b) Cannula printed in Model with 100 µm layer height and open internal 
channel, although the wall is visibly torn. c) The average outer dimensions of the channel given per material 
and per build angle for the smallest layer height setting per material. The purple line indicates the as-drawn 
dimensions of the outer channel. d) The average outer dimensions of the channel given per material and per 
build angle for the largest layer height setting per material. The purple line indicates the as-drawn dimen-
sions of the outer channel.
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checking if the needle could be inserted without breaking the valve (level of compliancy) 
and if after the removal the valve could return to its initial position (level of springback). 

5.2.2 Initial design results
The inner channels of the 3D printed cannulas were in almost all cases fused shut, regard-
less of material, layer height or build angle, with only an indentation visible at the distal 
end of the cannula (Figure 5.3a and Figure S5.1 in the supplementary material at the end 
of this Chapter). Only the cannulas printed with Model with a layer height of 100 µm in 
the 90˚ orientation had a visibly open channel. However, the walls were very fragile and 
tore immediately when inserting a hollow needle (Figure 5.3b). In the 90˚ orientation, 
for all other settings and materials, the cannulas had no open channel and were severely 
deformed. Since most of the cannulas were fused shut, only the dimensions of the outer 
channel were measured, for which the results are given in Figure 5.3c-d and Table S5.1 
in the supplementary material. When compared to the as-drawn outer dimensions of the 
cannula (purple line in Figure 5.3c-d), Dental SG has the lowest accuracy for all print set-
tings, while Model and Grey Pro have the highest accuracy. There appear to be no signif-
icant differences between the different orientation angles, although the 90˚ orientation 
shows a slightly lower accuracy for all materials. 

The valves with the smallest top- and slit dimensions, for which the valve flaps were 
not fused together, were measured for Dental SG, Durable, and Elastic 50A (Dimensions 
of the valves with the smallest top-and slit dimensions. The printed slit thicknesses were 
measured using a digital microscope. and Figure 5.4), and their negative surface area was 
calculated (Figure S5.2 in the supplementary material). The valves printed in Flexible 80A 
were all completely fused, except for a hole in the center (Figure 5.4a). For the other ma-
terials, it was noticeable that although the printed openings of the slits were larger than 
drawn, a 10 µm increment smaller in drawn slit size would mean that the slits were partly 
or fully fused together. A possible explanation for this is material shrinkage, which can 
more easily occur when the valve flaps are not attached to each other. Insertion of the hol-
low needle into the valves showed that the materials Dental SG and Durable were too brit-
tle, resulting in breakage of the valve flaps rather than deformation (Figure S5.3a in the 
supplementary material). Both Elastic 50A and Flexible 80A showed compliant behavior 
and flexibility (Figure S5.3b in the supplementary material), although Elastic 50A was so 
soft that it was easy to puncture. 

Table 5.1: Dimensions of the valves with the smallest top-and slit dimensions. The printed slit thicknesses 
were measured using a digital microscope. 

Dental SG Durable Elastic 50A Flexible 80A

Slit thickness as-drawn 140 µm 90 µm 150 µm 200 µm

Top thickness as-drawn 75 µm 75 µm 200 µm 75 µm

Printed slit thickness (max.) 248 µm 131 µm 261 µm -
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5.2.3 Initial design discussion
Based on the 3D printing experiments, the design of the trocar as-is is incompatible with 
SLA, regardless of the material or print settings. We compared different materials, build 
orientations and layer heights for the cannula, but none resulted in a usable, opened in-
ternal channel. The measurements of the outer diameter showed that in all cases the can-
nulas were printed larger than drawn. Model and Grey Pro approached the drawn dimen-
sions the closest, in which Model has the advantage of being biocompatible. Some studies 
have indicated that a higher layer thickness leads to a more accurate part [24, 25], however 
in our case the size of the layers relative to the part was too large to be functional. The 
build angles of 0˚ and 45˚ showed most promising results. The ones printed in 90˚ were 
more oval than round, and needed extra support pillars, which would cause the cannulas 
to break when removing them. Although multiple studies have researched factors that 
can improve the accuracy, our study shows that these can be conflicting for the purpose 
of a functional product. For instance, for the cannulas printed in Model, it was possible 

Figure 5.4: Top surfaces of the 3D printed valves with the smallest top-and slit dimensions for different 
materials. a) Valve printed in Dental SG. b) Valve printed in Durable. c) Valve printed in Elastic 50A. d) Valve 
printed in Flexible 80A, with only an opening in the centre of the valve.

a) b)

c) d)
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to print an open channel with a higher layer thickness. However, a higher layer thickness 
also resulted in cannula walls that were too fragile, which resulted in a non-usable cannula.  

None of the valves were printed with the required 10 µm slits thickness. In the cases 
the slits were not fused together, they were larger than drawn, and therefore not usable 
as a valve. A possible solution could be to use the valves that were mostly fused shut, since 
these have a lower percentage of open surface area. However, as was seen in the complian-
cy test, this will lead to breakage of the valve when inserting an instrument. For Elastic 
50A and Flexible 80A, which have a high flexibility, the hollow needle was able to punc-
ture the top surface, however this resulted in a hole in the valve that cannot be closed off. 
Instruments compatible with this size of trocar have a diameter of 460 µm, which is only 
slightly smaller than the diameter of the internal channel of the cannula (550 µm), which 
would not be able to prevent leakage.

As previous studies have pointed out, refraction and diffraction of the laser spot can 
lead to an effect sometimes referred to as “false printing” [29,32], in which material out-
side of the laser spot is slightly cured. When printing a hollow tube, such as the cannula, 
the laser spot draws a circular shape around a negative space for each layer. Due to the 
small size of this negative space, the cumulative effect of false printing builds up and fully 
cures the internal channel as well. One option to obtain a functional trocar would there-
fore be to adjust the size of the cannula, for instance to 20G (0.81 mm). However, this size 
of trocar has been abandoned in eye surgery in favour of smaller sizes. In an attempt to 
circumvent the false printing effect and stretch the limits of the printing technology, we 
propose two solutions: 1) increase the size of the negative space surrounding the features; 
2) decrease the curable surface area of each layer, and make sure this surface area is not in 
the same spot for each layer. Using these solutions, in the next section we present a new 
design for the cannula and the valve specified to the SLA process. 

5.3 DESIGN OPTIMIZATION

5.3.1 Optimized design and method
To optimize the cannula for 3D printing, we explored the possibility of printing a trocar 
with a minimum curable surface area per layer and maximization of the negative space 
surrounding it. In our design, the cannula is composed of a helical structure (Figure 5.5a), 
so that each layer has a smaller surface area that needs to be cured, as compared to that of 
a hollow tube. In addition, considering the structure is printed in the vertical orientation, 
the to-be-cured surface area is not in exactly the same spot for each layer, which results 
in less cumulative build-up of false printing. The thickness of the helix, which is the wall 
thickness,  is 100 µm, equal to the wall thickness. Although the original cannula design 
has a wall thickness of 50 µm, this is smaller than the size of the laser spot (85 µm),  and 
can therefore not be produced in this size. Two vertical columns with the same thickness 
were added to function as custom support structure, to ensure printability, and to pre-
vent the structure from acting as a spring. To prevent the sides of the channel from being 
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completely open, the pitch of the helix should be as small as possible, so that the windings 
of the helix will fuse together. To find the optimal value, we tested the helix with a pitch 
of 0.40 mm (10 revolutions), 0.33 mm (12 revolutions), 0.29 mm (14 revolutions), 0.25 
mm (16 revolutions), 0.22 mm (18 revolutions), and 0.20 mm (20 revolutions). The new 
design was printed in Model, since this material showed accurate results in the previous 
tests and is biocompatible, in the vertical 0˚ orientation with a layer height of 50 µm. After 
printing the parts were washed and post-cured. Measurements were taken with a digital 
microscope and with a Scanning Electron Microscope (SEM) of the internal lumen and the 
wall thickness. 

For the valve, we attempted to create more negative space surrounding the miniature 
features. We accomplished this by opening up the flexible flaps in the CAD file, so that 
they are positioned upwards (Figure 5.5b). This creates more negative space surrounding 
the flaps, while maintaining the right dimensions. Ideally, the flaps would be printed in 
a downward open position, so that the pressure in the eye causes them to close, however 
the limited space in the cap of the valve makes it impossible to print them separately from 

Figure 5.5: Overview of the optimized design and method for printing the trocars. a) The new helix design 
(right) of the cannula, which has a smaller surface area (dark blue) per layer than the previous cannula (left), 
and should therefore be less hindered by the effects of false printing (light blue). b) 3D model of the valve, in 
which the valve flaps are modelled to point upwards in order to create more negative space around them. c) 
New production process steps for the valves: after printing and cleaning, the valves are placed in a clamp which 
presses the flaps down; the entire clamp and valve are subsequently cured. 

a) b)

c)
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each other in that position.
The flaps were opened under an angle of 60˚, with a flap- and top thickness of 0.15 mm. 

In order to negate the effects of shrinkage, the flaps were designed to be slightly longer 
than required when printing them flat, 0.69 mm instead of 0.54 mm, which was experi-
mentally determined after a number of try-outs. The valves were printed in Flexible 80A, 
which showed the best compliant behavior in our previous test, with a layer thickness of 
50 µm. In the post-curing step after printing and cleaning, the flaps were pressed into 
their correct closed position, by placing them into an enclosure with a transparent lid. 
The entire enclosure was then cured, and after cooling the flaps remained in the desired, 
closed position. This process is schematically shown in Figure 5.5c.  Measurements were 
taken with a digital microscope and with a Scanning Electron Microscope (SEM). The tests 
with insertion of the needle were repeated to determine their compliancy and springback.

5.3.2 Optimized design results 
The new design of the cannula prevents false printing from fusing the internal lumen 
shut. With this design, all cannulas were printed with an opened internal lumen. The in-
ternal lumen was measured with a digital microscope, and the thickness of the printed 
helix with a SEM. In order to be used in eye surgery, the cannula should accommodate 
instruments of standard size, which can be 400 µm at minimum. Therefore, the inner 
lumen of the trocar should be slightly larger than this size. As depicted in Figure 5.6b, 
the number of revolutions of the helix, and therefore the size of the pitch, influences the 

Figure 5.6: Results of the new cannula design. a) SEM images of the tips of the cannulas showing the effects 
of different numbers of revolutions of the helix. b) Influence of the number of revolutions on the size of the 
internal channel of the cannulas. c) Close up of a 3D printed helix cannula placed on the tip of a 27G inserter 
knife. d) SEM image and measurements of the helix cannula with 20 revolutions. 
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internal lumen of the cannula: the more revolutions, the smaller the remaining lumen. 
The difference between the printed diameter and the diameter as modelled increased 
from 175 µm on average with 10 revolutions, to 228 µm on average with 20 revolutions. 
As can be seen from this graph, in order to obtain a lumen of more than 400 µm, the helix 
should be designed with an inner diameter of 650 µm. This result is consistent with our 
approach of decreasing the size of the positive features, since more revolutions decrease 
the distance between the windings, and result in a larger surface area per layer. However, 
decreasing the revolutions leads to spacing between the windings (Figure 5.6a), which is 
also undesirable for our purpose. The helix with 20 revolutions shows no gaps in the side 
of the channel, and is therefore most suited for the cannula. The outer diameter of these 
cannulas was measured to be 828 ±13 µm. It should be noted that with these settings the 
size of the inner diameter corresponds to a 27G trocar size, while the size of the outer di-
ameter corresponds to the 23G trocar size. 

The valves printed with the new process steps are shown in Figure 5.7. Measuring the 
slits in the valves using SEM (Figure 5.7d) shows that they range from 17 µm to 35 µm 
thickness. Although this is larger than the desired value of 10 µm, the open slits are not as 
long as in the original design, resulting in a smaller open surface area. The tests with inser-
tion of the needle were also repeated, which showed that the material has enough compli-

Figure 5.7: Results of the new valve 3D print process. a) Close up of a valve before curing, showing the 
opened valve flaps. b) Clamp set up for curing the valves. c) Close up of the valve after curing, the valve flaps 
have been pressed to their horizontal position, and no gap is visible between the flaps. d) SEM image of the 
valve after curing. e) Needle insertion test of the new valves, the needle can be easily inserted through the valve 
(left) and afterwards the flaps return to their horizontal position (right).
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ancy to allow an instrument to enter, and the flaps to return to their closed position when 
the needle is removed (Figure 5.7e). 

5.4 EYE PHANTOM INSERTION 

5.4.1 Insertion test method
The use of a polymer instead of metal to produce the cannula results in an inherently 
weaker design. This could mean that the cannula will break during insertion into the eye. 
The performance of the 3D printed trocar was tested by inserting it into an eye phantom 
(Eyecre.at GmbH, Ötztal, Austria), while measuring the insertion force, and comparing it 
with a commercially available trocar. The phantom eye was fixed onto a digital precision 
scale. The 3D printed trocar was assembled by placing the valve on top of the cannula, after 
which it was placed on the knife of a commercially available 27G trocar inserter (D.O.R.C., 
Zuidland, The Netherlands). The trocar was inserted into the scleral phantom by means 
of a single step, straight insertion. After insertion, a digital microscope was used to check 
whether there was no leakage of fluids from the valve. Subsequently, the trocars were re-
moved using tweezers and examined under a digital microscope for signs of breakage. The 
test was performed with five 3D printed trocars. The maximum force as measured by the 
digital scale was recorded for each insertion test. Images of the test are shown in Figure 
5.8. For comparison, commercially available 23G and 27G trocars (D.O.R.C., Zuidland, 
The Netherlands) were inserted in the same manner (n = 5). 

5.4.2 Insertion test results
The maximum force measured during insertion for each of the trocars is shown in Table 
5.2. The insertion force for the 3D printed trocar was almost 70% higher than for the com-
mercially available 27G trocar, and almost 50% higher than for the 23G trocar. The higher 
force can be attributed to the larger wall thickness, which results in a larger step-differ-
ence between the knife inserter and the trocar, as well as the ‘ribbed’ outer wall that results 
from the helix design. It was visible as a larger deformation of the scleral phantom (Figure 
5.8d), while the commercial trocars showed almost no deformation of the phantom. None 
of the 3D printed trocars broke during insertion or extraction. The valves did not show 
leakage while in the eye, although no additional pressure was applied. In eye surgery, the 
eye is artificially kept on a certain pressure, which can range from 0 to 120 mmHg, de-
pending on the specific operation [33], however for higher pressures it is often required 
that the valve allows fluid to escape [13].

Table 5.2: Maximum forces measured during insertion of commercial and 3D printed trocars into an ar-
tificial eye phantom. 

Commercial 23G Commercial 27G 3D printed 27G

Maximum insertion force (n = 5) 3.20 ± 0.37 2.82 ± 0.22 4.78 ± 0.26
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5.5 DISCUSSION

5.5.1 Process and method
Functional complexity is often considered one of the main advantages of 3D printing. 
The ability to produce a complete, functional product in a single production step can have 
many advantages for the manufacturing process. However, functional complexity does 
not always come easily. In this study, we aimed to investigate whether it would be possible 
to produce a trocar used in ophthalmology using 3D printing. SLA was chosen as best suit-
ed 3D printing technique for this study because is known for its ability to produce small 
features and the wide range of materials available. However, the theoretical information 
available about 3D printing techniques and materials does not present a full spectrum of 
what is possible with a certain 3D printing technique. Therefore, first we investigated the 
suitability of different materials and process settings for both the cannula and the valve. 
Materials with different properties were used, in order to gain more knowledge on the 

Figure 5.8: Insertion tests into an artificial eye phantom. a) Assembled trocar on a 27G commercial insert-
er knife. b) Artificial eye for testing. c) Removal of the 3D printed trocar from the eye, showing that it is still 
intact. d) Magnification of the insertion of the 3D printed trocar, showing the deformation of the sclera. e) 
Magnification of the removal of the 3D printed trocar.  
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minimum feature size achievable. Even within one 3D printing technology we have seen 
large differences between the accuracy and functionality that can be obtained for differ-
ent materials. The main conclusion we can draw from this is that it is important for any 
successful 3D print design to be aware of the influence of the material choice in advance, 
therefore starting the design process with an investigation into these settings is recom-
mended. 

We succeeded in creating a functional trocar by circumventing the inherent limita-
tions of the SLA process. The process we followed in order to accomplish this was 1) creat-
ing a thorough understanding of the challenges of the process; 2) exploring different ma-
terials and print settings to find the most suitable ones; 3) evaluating and adjusting which 
parts of the design still posed challenges for the chosen AM technology. This systematic 
approach for finding the relevant print settings, materials, and dimensions can be applied 
to any print method. We proposed two strategies, increasing the surrounding negative 
space and decreasing the surface area per layer, which are specific for SLA and circum-
vent the effects of false printing. Although these solutions were specific to our design and 
desired application, they have the potential for application in different fields for which 
miniature negative features are required. Increasing the surrounding negative space can 
be applied as a general strategy by folding the part open as we have shown here, dividing 
the part in different substructures, or even considering different build angles. Decreasing 
the surface area per layer can be applied by adjusting the structure as we have shown here, 
as well as adjusting the build angle. It should be noted that these changes may negatively 
affect the mechanical properties of the part, so a careful consideration is required.  

We have investigated the effects of materials, build angles, and layer heights on the 
accuracy and functionality of our design. There are more factors that have been shown to 
influence the accuracy of SLA parts, such as exposure time and laser intensity [14,34], that 
we have not investigated. Since the used Form 3B printer is a closed system, it is not possi-
ble to change these printing parameters manually. The slicing software will determine the 
optimal printing parameters based on the material and layer height that are chosen. A dis-
advantage is that it is not possible to adjust these parameters to improve the accuracy of 
the results. However, the advantage of the closed system is that the printer manufacturer 
can optimized the materials and settings for specific applications, as has been happening 
for dental applications in recent years, which improves the ease-of-use for users. This has 
caused the FormLabs system to be widely accepted in commercial dental practices, and 
therefore we consider this a realistic scenario for further integration of 3D printing tech-
nology and healthcare.

5.5.2 3D printed trocar
The 3D printed trocar does have some inherent drawbacks caused by the changes to the 
design. The wall thickness is larger than in the original design, which is caused by the min-
imum feature size of the 3D printing process. In addition, the ribbed wall from the helical 
structure might cause damage in the eye. To prevent this, an extra processing step could 
be added to smooth out the outer wall, or alternatively, a rectangular cross-section for the 
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helix could be explored. Regardless, the tests in the phantom eye show that the plastic can-
nula has enough stiffness to be inserted and extracted into the sclera without breaking. 
This shows the feasibility of using a 3D printed trocar in ophthalmic surgeries, although 
more tests in for instance porcine eyes are required to determine the behavior of the tro-
car in actual tissue.

An additional challenge when producing miniature hollow features using SLA, is left-
over resin becoming trapped [35], which we encountered when attempting to 3D print the 
initial design of the valve. In the new design of the valve, this was no longer a problem, 
since we opened up the valve flaps, creating sufficient space to clean out all excess resin. 
Although we added an additional process step in order to produce the valve by having to 
close the valve flaps, the advantage of better cleaning makes the process easier and leads 
to an improved end result. The same is true for the helical design of the cannulas. The de-
sign we used for testing with 20 revolutions showed that there was no spacing between 
the revolutions, however even with less revolutions it was possible to successfully print 
the design. The openness of the structure with less revolutions makes it more accessible 
to clean, which could also have contributed to the fact that less revolutions lead to a larger 
internal diameter. 

The design of the 3D printed trocar allows for further personalization depending on 
the specific requirements of both patient and surgeon. For instance, the length of the can-
nula can be easily tailored to the thickness of the individual sclera. The thickness of the 
sclera can range from 0.39 mm to 0.67 mm [36], and it is important that the cannula is 
not too long to avoid damaging internal structures in the eye, yet long enough to reach 
the vitreous cavity. The design of the valve can be optimized to allow escape of fluids for 
certain pressures, by varying the length and thickness of the valve flaps. In addition, the 
trocars placed in the eye often have specific functions during the surgery, and AM enables 
that they can be adjusted for their specific function. 

So far in this research, we have 3D printed a cannula and valve separately. In future 
work, it will be interesting to look into the additional benefit of 3D printing an entire as-
sembly in one single production step. For the trocar, this would mean printing the cannu-
la and valve as one part. Current commercially available SLA printers are limited to the 
production of only one material at a time, although multi-material SLA printers are in de-
velopment [37]. For now, this means that both parts of the trocar need to be made from the 
same material. Since the cannula requires a certain stiffness, the best suggestion would be 
a redesign of the valve to work with a stiffer material, for instance a duckbill valve. Alter-
natively, other techniques, such as PolyJet printing, can be explored, in which it is possible 
to combine rigid and flexible materials in a single production step. 

5.6 CONCLUSION
In this study, we attempted to 3D print a functional trocar intended for use in eye surgery, 
consisting of a hollow, stiff cannula, and a flexible valve. The trocar contains sub-millim-
eter scale features, which is why SLA was chosen as the preferred 3D printing technique 
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due to the high reported resolution and minimum feature size. We divided the research 
into two stages; in the first stage we investigated the effects of different materials and 
print settings on the unchanged conventional design, and in the second stage we used 
these findings to optimize the design and production process. The results of the first stage 
showed that the production of miniature, negative features was most problematic, regard-
less of materials or print settings. We determined that this is caused by an effect known 
as ‘false printing’, causing partial curing of surrounding layers. Therefore, in the second 
stage we presented a new design of the trocar that circumvents these effects by reducing 
the surface area per layer and creates more space surrounding the feature. With this new 
design, we succeeded in printing a miniature cannula with an open internal channel of 
0.44 mm, and a functional, flexible valve. We evaluated the performance of this trocar on 
an eye phantom, which showed that it can be inserted and extracted from the eye without 
breakage. However, the measured insertion forces were 70% higher than from a commer-
cial trocar, which can be attributed to the higher wall thickness and ribbed structure of 
the cannula.

Overall, in this work we have shown the potential of using SLA for the production of 
a miniature, functional trocar We have shown an approach in which we systemically test 
relevant 3D print settings, materials, and part dimensions in order to obtain the required 
functionality and accuracy for our device. Although vat photopolymerization techniques 
are reported to have one of the highest theoretical resolutions, there are still a number 
of practical limitations hindering the adaptation of these technologies for miniaturized, 
functional devices. Mapping these limitations can help manufacturers and engineers to 
improve these AM techniques and develop materials and workflows for improved accura-
cy for functional designs.
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SUPPLEMENTARY MATERIAL

 Dental SG Model Grey Pro Durable

Orientation 0˚ 45˚ 90˚ 0˚ 45˚ 90˚ 0˚ 45˚ 90˚ 0˚ 45˚ 90˚

Lowest layer 

height (µm)

997 

±14

965

 ±11

1002

 ±5

855

 ±10

737 

 ±16

801

 ±31

689

 ±4

702

 ±18

726

 ±7

854

 ±6

848

 ±9

914 

±31

Highest layer 

height (µm)

1031

 ±8

1025

 ±2

1032

 ±4

728

 ±22

694

 ±14

715

 ±43

737

 ±2

713

 ±6

757

 ±7

959 

±6

936

 ±5

985 

±9

Table S5.1: Measurements of the outer channel of the 3D printed cannulas for the different build orienta-
tions and layer heights per material (n = 3). The lowest layer height was 50 µm for the materials Dental SG, Grey 
Pro and Durable, and 25 µm for Model. The highest layer height was 100 µm for each material.

Figure S5.1: Example of the distal ends of the valves printed in Dental SG (left) and Durable (right), in 
different orientations and with different layer heights. For the cannulas in the 90º orientation, the support 
pillar is visible at the bottom.
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Figure S5.2: The percentage of openness of the valves as-printed compared to the openness of the valves 
as-drawn. The negative surface area, or “openness” of the top surface of the valve was calculated as a percentage 
of the top surface. The images taken with the digital microscope were converted into vector drawings, and 
imported in the CAD software, which was then used to calculate the surface area of the vectors. If the printed 
thickness of the slits is larger than 10 µm, the valve will not be able to sufficiently prevent leakage. For the 
ideal slit size of 10 µm, the openness value corresponds to 0.84%. The calculated openness for all materials is 
given in Figure S4b. When the printed openness is close to the drawn openness, the results show a better accu-
racy. None of the printed valves had an openness close to the desired openness, which was to be expected based 
on the measurements of the slits. Durable (5.8%) and Elastic 50A (13.2%) show the best accuracy, since their 
printed openness is close to the as-drawn openness (5.9% and 13.9%, respectively). The valve printed in Flexible 
80A showed the least openness, however this was because only the central opening of the cross slits had been 
printed open. As a reference, the openness of a 25G cannula is given as a percentage of the total valve surface 
(purple line).



Figure S5.3: Results of the investigation into different materials and print settings for the valves. a) Example of a valve 
printed in Dental SG, showing the valve before, during, and after insertion of a needle. It can be seen that the valve flaps 
broke after insertion of the needle. b) Example of a valve printed in Flexible 80A, showing the valve before, during, and 
after insertion of a needle. It can be seen that the valve deforms, but does not break.
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MINIMAL ASSEMBLY 3D PRINTING: 
STEERABLE GRASPER

Published as:
C. Culmone, K. Lussenburg, J. Alkemade, G. Smit, A. Sakes, P. Breedveld, A Fully 3D-Printed 
Steerable Instrument for Minimally Invasive Surgery, Materials (Basel). 14 (2021) 7910.

In the field of medical instruments, additive manufacturing allows for a drastic reduction 
in the number of components while improving the functionalities of the final design. In 
addition, modifications for users’ needs or specific procedures become possible by ena-
bling the production of single customized items. In this work, we present the design of a 
new fully 3D printed handheld steerable instrument for laparoscopic surgery, which was 
mechanically actuated using cables. The pistol-grip handle is based on ergonomic prin-
ciples and allows for single-hand control of both grasping and omnidirectional steering, 
while compliant joints and snap-fit connectors enable fast assembly and minimal part 
count. Additive manufacturing allows for personalization of the handle to each surgeon’s 
needs by adjusting specific dimensions in the CAD model, which increases the user’s com-
fort during surgery. Testing showed that the forces on the instrument handle required for 
steering and grasping were below 15 N, while the grasping force efficiency was calculated 
to be 10–30%. The instrument combines the advantages of additive manufacturing with 
regard to personalization and simplified assembly, illustrating a new approach to the de-
sign of advanced surgical instruments where the customization for a single procedure or 
user’s need is a central aspect.
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6.1 INTRODUCTION

6.1.1 State of the art
The advent of Minimally Invasive Surgery (MIS) can be considered one of the most im-
portant innovations in the surgical field. In MIS, two or three small incisions, usually be-
tween 5 and 10 mm in diameter, act as an entry port to the human body, hereby avoiding 
a large incision, which is common in conventional open surgery. In the small incisions, 
a temporary port called trocar is used to facilitate the insertion of the instruments. This 
minimally invasive approach reduces the risk of complications such as infections or hem-
orrhages, decreases the hospitalization time, and minimizes the size of the scar, reducing 
the pain for the patient [1,2]. However, different from open surgery where the surgeon 
has direct visualization and access to the operation area, in MIS, the indirect visualization 
and the limited operational space to maneuver the instruments influence the surgeon’s 
performance.

Instruments conventionally used in MIS are characterized by three main components: 
a handle to maneuver the device, a long and straight shaft to reach the operation area, and 
an end-effector to operate, usually containing a grasper or a cutting mechanism. The rigid 
and slender instruments used in MIS severely reduce the dexterity of the surgeon due to 
the loss of wrist articulation and the restriction posed by the small incision size. The num-
ber of degrees of freedom (DOF) is limited from six in open surgery to four in MIS (Figure 
6.1): (1) and (2) pivoting on the incision in two perpendicular planes, (3) axial translation, 
and (4) axial rotation [3]. Aside from the reduced number of DOF, the surgeon has to cope 
with the fulcrum effect: the inversion of the handle movements at the end-effector due to 
the pivot point created by the trocar in the abdominal wall.

6.1.2 Challenges in minimally invasive surgery
Solutions have been proposed to overcome the limitations of MIS by enhancing the dex-
terity of instruments using wrist-like mechanisms. Robotic devices, such as the da Vinciâ 
robotic system (Intuitive Surgical Inc., Sunnyvale, CA, USA), have the ability to diminish 
the fulcrum effect and enhance the surgeon’s dexterity by providing two additional DOF 

Figure 6.1: Instrument degrees of freedom in Minimally Invasive Surgery: (1) and (2) pivoting around the 
incision in two perpendicular planes, (3) axial translation and (4) axial rotation.

3 4

2

1
Pivot point
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to the end-effector of the robotic arm using the so-called EndoWrist mechanism. Still, the 
high initial costs and the limited lifespan of the robotic instruments [4] push research-
ers to find solutions able to guarantee the advantages of robotic devices while reducing 
the costs [5]. Great attention has been given to handheld mechanically actuated steerable 
instruments. Examples are the laparoscopic instruments Maestro [6] and the LaparoFlex 
(TU Delft and DEAM B.V., Amsterdam, The Netherlands). Both these instruments use rig-
id joints in their steering mechanism to achieve bending motion in two orthogonal planes, 
similar to the human wrist. Rigid joints are robust and solid and therefore widely used in 
conventional instruments. However, when it comes to MIS, the inability to further minia-
turize mechanical components due to friction limits their applications [7].

Next to the limited DOF of conventional MIS instruments, the radically different 
design and operation of instruments for MIS often cause ergonomic inconveniences for 
surgeons [8–11]. These inconveniences range from muscle fatigue and musculoskeletal 
pains to neural injury and worsened performance [10,12,13]. Instrument handles are the 
primary physical interface for the surgeon, and therefore, many studies have been dedi-
cated to this topic [12]. One of the main conclusions of these studies points to the need for 
the personalization, or at the very least adaptability, of instrument handles [10,13], since 
it is impossible to create one handle design that suits every possible hand. Due to the high 
manufacturing costs associated with the conventional manufacturing of personalized 
products, this has long been out of reach.

6.1.3 Additive manufacturing for surgical devices
Additive manufacturing (AM) or 3D printing provides new opportunities to change the 
design paradigm of medical devices. AM allows a 3D model to be directly converted from a 
Computer-Aided Design (CAD) into an object built with a layer-by-layer process. The pos-
sibility of producing complex shapes allows the number of components to be drastical-
ly reduced, in addition to increasing the functionality of the entire medical instrument. 
Examples of 3D-printed medical devices are the continuum robots presented by Kim et 
al. [14] and the 2-DOF steerable grasper DragonFlex created by Jelinek et al. [3]. A com-
prehensive overview of 3D-printed surgical instruments has been published previously 
by our group [15]. AM allows for the possibility of using different approaches, such as 
non-assembly 3D-printed mechanisms [16,17] or 3D-printed compliant solutions [18], 
which already have been successfully applied in prosthetics [19] and surgical forceps [20]. 
In addition, AM enables the production of personalized items at no extra cost [21,22]. 
Ranganathan et al. [23] 3D-printed customized forceps handles based on eight anthropo-
metric hand parameters of Indian males. González et al. [24,25] presented and tested the 
design of an ergonomic pistol-grip handle that was customized to the surgeon’s specific 
hand size. They concluded that the use of their ergonomic handle reduced muscle fatigue 
and improved the ease of use of the instrument. Similarly, Sánchez-Margallo et al. [26] 
compared customized 3D-printed handles with standard handles and reported that the 
customized handles aided the surgeon’s hand–eye coordination and led to shorter execu-
tion times.
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6.1.4 Objective and requirements
In this work, we propose a design of a handheld 2-DOF cable-driven steerable instrument 
for MIS that maximizes the advantages of AM by making use of non-assembly design 
principles. The new steerable instrument (Figure 6.2), which we called 3D-GriP (compa-
ny, city, abbr. state if US, country), is mechanically actuated by means of cables and was 
designed for AM to minimize the number of assembly steps. In order to comply with the 
constraints of the laparoscopic environment, it has a maximum omnidirectional bending 
angle of the end-effector between 40 and 60 degrees [5,27], an opening angle of the gripper 
of 60 degrees [28], and a shaft diameter of 8 mm [28–30]. The surgical instrument allows 
for single-hand control of both the grasping and steering mechanisms, while the design of 

Figure 6.2: Design of 3D-GriP. (a) Side view. (b) Back view. (c) Exploded view with the names of the parts 
indicated.



119

3D-GRIP DESIGN

6

the handle is based on ergonomic guidelines and can be customized to specific hand sizes 
due to the use of AM. We used Solidworks as CAD software to design the 3D-GriP.

6.2 3D-GRIP DESIGN

6.2.1 Gripper design
For the design of our instrument, compliant joints are used wherever possible in favor of 
rigid body joints. The advantage of compliant joints is that they do not suffer from the 
problems with clearances that occur in non-assembly rigid body joints [16,17]. An ad-
ditional advantage is that compliant joints can be produced as a single, monolithic part 
without assembly and therefore can reduce the number of components and assembly 
steps. Moreover, by using flexible components to achieve motion, friction between slid-
ing elements within the joint can be eliminated [31–34].

The compliant gripper was designed in such a way that in the relaxed position, it is in 
a fully open configuration with a 60-degree opening angle. This way, the forces applied 
on the actuation cables to close the gripper are directly translated to a (gripping) force on 
the tissue and thus can be easily controlled by the surgeon. Using a half-open position, as 
proposed by Lassooij et al. [32], has the advantage of reducing the stress on the compliant 
beam during operation. However, the half-open position is less convenient, as it requires 
the surgeon to move the gripper both to grasp and to release the tissue. In the fully open 
configuration, the jaws will passively return to their initial open configuration after the 
control input is seized due to the compliant flexures, reducing the number of active move-
ments for the surgeon.

The design of the gripper joint was based on a compliant beam, as shown in Figure 
6.3a, and it consists of two gripper jaws with a closed diameter of 8 mm and length of 20 
mm. The tooth profile has a height of 0.5 mm and a tooth angle of 60 degrees, similar 

Figure 6.3: Gripper. (a) Compliant beam. (b) T-shape guiding section for the actuation cables. (c) Jaw. (d) Ca-
ble fixation point with its close-up made transparent with black outline. Teeth have been removed for clarity.

(a)

(b)

(c)

(d)
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to those seen in commercial grippers for MIS [35]. The compliant beam has a thickness 
of 0.8 mm, in order to minimize the bending stress, while the width was kept as large as 
possible, to provide torsional and lateral stability. The closing of the gripper is actuated by 
two ø 0.25 mm actuation cables, which loop around the distal end of the gripper (Figure 
6.3d) to avoid gluing or soldering on the jaws. T-shaped guiding sections were added to the 
compliant beams in order to gently guide the actuation cables through the joint without 
affecting their bendability; see Figure 6.3b.

6.2.2 Steerable segment design
In order to equip the instrument with two additional DOF, a steerable segment was inte-
grated into the shaft of the device. The steerable segment used in this study was designed 
to achieve high torsional and axial stiffness, to avoid misalignment between the gripper 
and the shaft, whilst keeping a low bending stiffness to guarantee easy maneuverability. 
A detailed description of the design of the steerable segment is given by Culmone et al. 
[36]; however, for the clarity of this work, a summary follows. The steerable segment com-
bines a compliant continuous central backbone for high axial stiffness with four helicoids 
evenly placed around the centerline for high torsional stiffness, homogenously distribut-
ed (Figure 6.4a). The helicoids have a T-shaped cross-section (Figure 6.4b). The T-shaped 
cross-section is thinnest close to the backbone and increases in thickness toward the outer 
side of the segment. This guarantees a low bending stiffness while at the same time limit-
ing the maximum bending angle, which prevents failure due to excessive bending.

Two cables are used for steering, which loop around the top of the steerable segment 
and back down to the shaft (Figure 6.4c). A cross-shaped groove in the top of the segment 
was used to fixate the cables in place by means of friction to avoid soldering or gluing (Fig-
ure 6.4d). The 20 mm long steerable segment was printed as one part with the rigid shaft, 
in which dedicated channels guide the steering and gripper cables toward the handle.

Figure 6.4: Steerable segment design. (a) Central backbone with four helicoids evenly placed around. (b) 
Cross-section of the segments showing the T-shape of the helicoids, highlighted in red. Cables are shown in 
orange. (c) Due to the T-shape, the helicoids touch each other at the inner curve of the segment, limiting the 
bending angle. (d) Cross-section A-A shows the cable fixation point with the looped cables.

A

A

Gripper side

Handle side

(a) (b) (c) (d)

Backbone

Helicoid
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6.2.3 Handgrip ergonomics
A pistol-grip is used for the main shape of the handle (Figure 6.2), which is the preferred 
design for complex or multifunctional instruments [9,10,12,39]. The handle is specifi-
cally designed for right-handed use: the asymmetric grip allows for a straight alignment 
of the thumb and the wrist during steering, which increases the user’s comfort (Figure 
6.2b) [37,38]. It can easily be converted to left-handed use by mirroring the design [10]. 
The handgrip has a bulbous shape that follows the shape of the hand [10,24] without any 
specific finger grooves for positioning the fingers [39], since the latter limits the positions 
in which it can be held. Changing the dimensions of the handle length, width, and size of 
the trigger allows for customization to different hand sizes.

6.2.4 Steering control
A joystick is used for the steering system, which is actuated by the thumb. In the field of 
steerable surgical instruments, thumb actuation allows for more precise control in terms 
of motion, accuracy, and the perception of steering [40,41,43,44]. The steering mecha-
nism itself consists of the joystick with an integrated spring, which is connected to a ball 
and socket joint and covered by a dome. The top part of the ball and socket joint, the bridge 
(Figure 6.5a), is the point of fixation for the cables. Rotating the joystick pulls and releases 
the actuation cables to steer the end-effector. In order to lock the steerable segment into 

Figure 6.5: Working principle of the steering mechanism. (a) Three-dimensional (3D) render of the assem-
bled joystick, showing the joystick, the dome (transparent to show the underlying components), bridge (blue), 
and spring (red). (b) Schematic drawing of the working principle of the friction lock showing the bridge (blue), 
spring (red), and cables (orange). (1)–(4) show the actions taken to move and lock the steerable segment.

(a)

1. Locked state 2. Unlocked state 3. Unlocked state 4. Locked state 

(b)
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any angle, an active friction lock mechanism was implemented. When no normal pres-
sure is applied to the joystick, it is held in place by the friction between the joystick and 
the dome, which is caused by pre-tension in the spring (Figure 6.5b). This pre-tension is 
generated during the assembly when the dome is placed over the joystick mechanism and 
snapped into place. By applying pressure to the joystick, the friction lock is released, al-
lowing for steering of the end-effector. Releasing the joystick will automatically lock the 
steerable segment into any angle up to 60 degrees.

The rotation of the thumb when steering, and therefore the rotation of the joystick, 
should be smaller than 45° in order to retain an ergonomic position [40]. Considering the 
desired steering angle for the end-effector of 60°, the rotation angle of the joystick cannot 
be transferred in a 1:1 ratio to the end-effector. Therefore, an amplification of the joy-
stick rotation was implemented within the steering control system. To achieve this am-
plification, the cables’ radial distance toward the centerline of the bridge was designed to 
be three times larger than the cables’ radial distance toward the end-effector’s centerline. 
The result of this is that when rotating the joystick 20° in one direction, the end-effector 
will bend 60°.

6.2.5 Gripper control
The grasping motion of the gripper is driven by a trigger, which is actuated by the index 
and/or middle finger (Figure 6.6) [41]. The trigger is automatically locked in position by 
means of a ratchet mechanism. In order to release the ratchet lock, the trigger needs to 
be moved sideways until the teeth disengage. Two orthogonal bending flexures were de-
signed to allow the trigger to move in these two required directions (Figure 6.6c). As a re-
sult of the compliancy of the bending flexures, the trigger moves automatically back to 
the initial position when released, opening the compliant gripper. This means that only 

Figure 6.6: Working principle of the trigger mechanism, the trigger and flexures are highlighted in blue, 
the cables are shown in orange. a) 1. In the initial position of the trigger, the ratchet is not locked, and the 
gripper is opened. 2. By moving the trigger towards the palm, the gripper closes, and the trigger is locked when 
the ratchet teeth are engaged. b) Close-up of the internal ratchet-teeth in the locked position. c) Render of the 
trigger indicating the two orthogonal bending flexures.

(a) (b) (c)
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active movement for the surgeon is required to close the gripper. The actuation cables 
were fixated in the rigid part between the bending flexures. Although it is common in lap-
aroscopic instruments to place the trigger mechanism inside the handle, in this case, we 
opted to place it outside the handle to be able to produce it with as few assembly steps as 
possible.

6.2.6 Prototype fabrication and assembly
The instrument was manufactured using a commercially available Form 3B (Formlabs, 
Somerville, MA, USA) 3D printer, which uses stereolithography (SLA) technology. SLA is 
a process in which a light source, typically a laser, hardens a liquid photopolymer in layers 
[42]. The handgrip, dome, bridge, and end-effector were printed using the Durable FLD-
CL02 resin (Formlabs, Somerville, MA, USA), exploiting the high elongation properties of 
the material for the compliant joints. The total volume for the parts printed with the Du-
rable resin was 132 mL. The joystick with incorporated spring was printed with the Tough 
1500 FLTO1501 resin (Formlabs, Somerville, MA, USA), with a total volume of 8.85 mL, 
due to its ability to produce parts that spring back under loading cycles. All parts were 
printed with a 50 µm layer height. The print time for the parts in Durable was 43 h, where-
as the joystick was printed in 3 h and 45 min. After printing, isopropanol alcohol was used 
to remove the uncured resin from the prototype. Only the joystick was cured for 60 min 
at 70 °C in the curing chamber to enhance the spring back properties of this component.

The final prototype consists of five 3D-printed parts: (1) the end-effector, (2) handgrip 
with trigger, (3) bridge, (4) joystick with spring, and (5) dome. The end-effector and the 
handgrip could not be printed as one part because they exceed the printer’s build volume. 
Therefore, they were separated into two pieces and connected by a form-fit closure. The 
channels for the actuation cables run along the entire length of the shaft and handgrip. 
In order to be able to remove excess material from inside these channels, we added small 
drainage holes of 0.1 mm in diameter at regular intervals along the shaft (Figure 6.2). Fur-
thermore, the shaft and the handgrip were printed with the long axis of the cable holes 
parallel to the vertical z-axis of the printer. This orientation proved best to keep the cable 

Figure 6.7: The assembled prototype. (a) Front view, (b) side view that shows the alignment of the wrist 
and the thumb.

(a) (b)

50mm
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channels open along their entire length. The joystick and the spring were consolidated so 
that they could be 3D printed as one part. However, this configuration made it difficult to 
remove the standard support material generated by the Formlabs software. Therefore, we 
created custom support pillars between the coils of the spring that could be easily removed 
after printing.

To assemble the prototype (Figure 6.7), first, the shaft was coupled with the handgrip 
using the form-fit connection. To actuate the steerable segment, we used stainless steel 
cables (ø 0.30 mm). The four ends of the cables were fixed using dog point screws into 
dedicated grooves of the bridge. Before fixation, the cables were straightened by means of 
weights. The gripper jaws are actuated with nitinol wires (ø 0.25 mm) because, due to their 
high rigidity, they can be used to close the jaws and help open them. These wires were fixed 
to the trigger by means of dog point screws. After insertion and fixation of the cables, the 
joystick and dome were snapped into place

6.3 EXPERIMENTAL METHODS AND RESULTS
To assess the functionalities in steering and grasping, we performed three different meas-
urements. First, we verified the maximum bending angle of the end-effector in four main 
directions, with different external loads applied to the end-effector. Second, we evaluat-
ed the required steering force applied by the user on the joystick when different external 
loads were applied to the end-effector, simulating steering in a surgical setting. Third, we 
evaluated the grasping force of the gripper on artificial tissue in relation to the required 
force applied by the user on the trigger.

6.3.1 Bending angle measurements
We analyzed the maximum bending angle of the end-effector by steering the joystick to 
its maximum position in the four main directions: upward and downward in the verti-
cal yz-plane and right and left in the horizontal xy-plane. We repeated the measurement 
three times for each plane. The end-effector was able to reach an angle of approximately 
±50° in both directions in the xy-plane (Figure 6.8b) and ±45° in the yz-plane (Figure 6.8c), 

Table 6.1: Vertical bending evaluation with different loads applied. Vertical bending in the yz-plane with 
no load, 5 g, 10 g, and 20 g.

No Load (Degrees) 5 g (Degrees) 10 g (Degrees) 20 g (Degrees)

upward downward upward downward upward downward upward downward

rep. 1 47.0 46.0 42.3 51.2 40.4 49.7 37.0 45.5

rep. 2 46.2 48.7 43.7 50.3 35.8 52.2 34.3 50.8

rep. 3 46.5 53.4 43.9 50.6 36.1 49.5 28.7 52.3

aver. 46.6 ± 0.3 49.4 ± 3.8 43.3 ± 0.9 50.7 ± 0.5 37.4 ± 2.5 50.4 ± 1.5 33.3 ± 4.3 49.5 ± 3.5

rep. = repetition, aver. = average.
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which is somewhat lower than the desired ±60°. The video linked by the QR code at the end 
of this Chapter illustrates the omnidirectionality and the smoothness of the motion.

In addition, we evaluated the effect of different external loads on the bending perfor-
mance by attaching different weights to the end of the steerable segment. Three load con-
ditions were tested: (1) 5 g, (2) 10 g, and (3) 20 g. The load was suspended from the distal 
end of the steerable segment in order to only test its effects on the steerable segment and 
not the compliant gripper. Only the bending angle in the yz-plane was evaluated, since the 
direction of the load does not influence bending in the xy-plane. To measure the bending 
angle, we moved the joystick to its maximum up- and downward position and repeated 
this three times for each load condition. It was found that an increase in load decreased 
the bending angle in the upwards direction: 7.1% for 5 g, 19.8% for 10 g, and 28.5% for 20 

Figure 6.8: Lateral bending evaluation. (a) Set-up. (b) Lateral left/right bending in the horizontal xy-plane 
without load and (c) in the vertical yz-plane without load.
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g (Table 6.1). No considerable differences in the average of the maximum bending angle 
(0–2%) were observed when the steerable segment was steered downwards, regardless of 
the applied load.

6.3.2 Steering force test

Method
In a surgical procedure, it is often necessary to move or stretch the gripped tissue. There-
fore, we evaluated the force necessary to operate the joystick with the thumb in relation to 
the effect of different loads on the steerable segment. For this test, we applied again a load 
to the end of the steerable segment and moved the joystick in the four main directions 
(upward, downward, left, and right), after which we registered the force required for these 
four movements combined. We tested the following load conditions: (1) no load, (2) 5 g, 
(3) 10 g, and (4) 20 g. The force required to operate the joystick was measured by placing a 
piece of pressure foil with a sensitivity of 0.05 MPa (4LW Fujifilm Prescale, ALTHEN BV 
Sensors & Control, Leidschendam, The Netherlands) between the fingertip and the joy-
stick (Figure 6.9a). The foil changes color when pressure is applied in a specific location. 
The pressure foil can be used to calculate the applied force by analyzing the density of the 
colored pixels. Using the pressure chart as provided by the manufacturer of the foil, the 
pressure value corresponding to the density can be determined. In order to calculate the 
total force on the joystick, the pressure is multiplied by the surface area of the joystick 
head.

During the test, the instrument was placed on a support that constrained the base of 
the handle, kept the shaft in straight position, and left the end-effector free to move. The 
test was performed by one of the authors and repeated three times per load condition. Al-
though the joystick has a circular flat head with a diameter of 20 mm, we used a square 
piece of foil for the joystick analysis to avoid false imprints while placing and removing 
the foil during the test. Only the circular area of the pressure foil corresponding to the 
joystick head was analyzed. The acquired imprints on the pressure foil were digitalized 
using a calibrated scanner (Canonscan LiDE 110, Canon Netherlands N.V., ‘s-Hertogen-
bosch, The Netherlands) and analyzed using MATLAB R2020a (The MathWorks, Inc., 
Natick, Massachusetts, USA) in order to find the corresponding density. We translated 
the images into black and white, with a threshold of 0.8, as used in previous studies [43] 
where the black pixels represented the colored locations (Figure 6.9b-c). Then, the images 
were masked with a circle with the same diameter as the joystick head (Figure 6.9d). The 
digitalized figures were divided into nine portions to analyze the force distribution on 
the joystick, indicating on which part of the joystick the most pressure was applied by the 
user; see Figure 6.9e-f. The average black-pixel density over the three repetitions was cal-
culated per portion and normalized for the total number of pixels.

Results
Figure 6.10a shows the pressure concentration per portion for the different load condi-
tions. For all load conditions, the black-pixel density peaks on the edges of the flat head, 
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especially in the top right and bottom left corner (portions 4 and 7), whereas in the central 
vertical portions (portions 2, 5 and 8), the applied pressure reaches the lowest value.

Subsequently, we analyzed the density of the colored pixels for the entire measured 
area for the different load conditions (Figure 6.10b). The plot shows that there are no sig-
nificant differences in black-pixel density (D) when increasing the load: D0

steer
 = 0.17 ± 

0.05, D5
steer

 = 0.09 ± 0.04, D10
steer 

= 0.12 ± 0.03, D20
steer

 = 0.10 ± 0.02. Based on the density of 
the black pixels and the known surface area of the joystick head, we calculated the applied 
force using the pressure chart given by the manufacturer. The applied force was between 
12.5 and 23.5 N, considering the 10 mm radius of the joystick head. These results indicate 

Figure 6.9: Method of force analysis on the joystick during steering. The example shown in this figure 
is the first repetition at the no load condition. (a) Set-up of the steering force measurements. (b) Scan of the 
imprinted pressure foil. The green circle represents the joystick area, the pink color shows the pressure distri-
bution. (c) Black-and-white conversion of the scanned foil. (d) Applied mask used to analyze the circular area 
corresponding to the joystick area. (e) Segmentation of the pressure foil into nine portions. (f) Density of the 
black pixels per portion for the pressure foil for the no load condition.
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that the user does not need to increase the applied force to steer the joystick when the load 
increases in the measured range.

6.3.3 Grasping force test

Method
Another important aspect during surgery is the force applied by the user in relation to 
the force at the gripper used to grasp the tissue; i.e., the efficiency of the instrument. To 
evaluate the grasping functionality in different scenarios, we tested the prototype on arti-
ficial silicon-based tissue (DOTFOX Snc, Siena, Italy) with three different thicknesses: 1–2 
mm, 2–3 mm, and 3–4 mm. We used a set-up similar to the one used for the steering force 
measurement (Figure 6.11). Since the pressure foil is one-sided and the grasping force on 
both jaws of the gripper is identical when gripping, we decoupled the cables actuating the 
lower jaw of the gripper from the trigger and fixed the lower jaw onto customized support 

Figure 6.10: Steering force measurement. (a) Average of the black-pixel density per portion for each tested 
condition: no load (green), 5 g (red), 10 g (yellow), and 20 g (blue) applied load. (b) Average of the black-pixel 
density for each load condition on the entire area of the pressure foil.
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to prevent it from moving. Moreover, we placed a rigid tube around the steerable segment 
to prevent bending and analyze only the grasping functionality. We placed the artificial 
tissue and a piece of pressure foil with a minimum sensitivity of 0.006 MPa (5LW Fujifilm 
Prescale) between the jaws. The forces exerted by the user on the trigger were also meas-
ured using the same type of pressure foil. To digitalize and analyze the acquired imprints, 
we used the same methodology as for the imprints of the steering test described in Section 
3.2.1.

Results
The imprints for the gripper show that the pressure was concentrated at the proximal 
side, close to the steerable segment (portions 7, 8, and 9). For the trigger, the pressure was 
equally distributed among all the portions with a slightly smaller concentration on the 
top part of the trigger (portions 1 and 3); see Figure 6.12.

Using the average of the black-pixel density and the surface area of the gripper and the 
trigger, we calculated the applied force using the pressure chart given by the manufactur-
er. To calculate the total force exerted by the gripper, we only used portions 7, 8, and 9, 
since the black-pixel density was close to zero for the gripper on the top and central parts. 
Therefore, the surface area of the other portions was not included in the calculation to ob-
tain a more realistic value. The average black-pixel density (D) for portions 7, 8, and 9 was 
D1–2

gripper
 = 0.04 ± 0.01 for 1–2 mm, D2–3

gripper
 = 0.06 ± 0.01 for 2–3 mm, and D3–4

gripper
 = 

0.09 ± 0.01 for 3–4 mm tissue thickness. The average black-pixel density for the trigger was 
D1–2

hand 
= 0.24 ± 0.001 for 1–2 mm, D2–3

hand 
= 0.21 ± 0.03 mm for 2–3 mm, and D3–4

hand
 = 

0.27 ± 0.07 for 3–4 mm tissue thickness (Figure 6.13). Based on these values, the force gen-
erated by the gripper on the tissue samples was between 1 and 4.4 N, and the force applied 
by the user on the trigger was between 10.8 and 13.2 N. We calculated that the mechanical 
efficiency, and therefore the efficiency of our instrument, ranges between 10% and 30%.

6.4 DISCUSSION

6.4.1 Production and customization
3D-GriP was designed for use as a disposable instrument; therefore, the production pro-
cess must be as fast and simple as possible. A non-assembly design can save time and 
costs for the total production process. In our design, the trigger mechanism is completely 
non-assembly, due to the use of compliant joints. For the fastest route to the total assem-
bly of the instrument, we decided to produce the joystick mechanism out of three separate 
parts, which gave us access to remove supports and excess material, and place the cables 
through the instrument. The separate parts can be positioned easily and snapped into 
place. The solutions that we used for the fastest and simplest assembly can be summarized 
as the following design rules: (1) make use of compliant joints to create monolithic parts; 
(2) consolidate parts where possible; (3) ‘expose’ moving parts to ensure the material can 
be drained and supports removed; (4) when an assembly is unavoidable, make use of smart 
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Figure 6.11: Set-up of the grasping force measurement.
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the black-pixel concentration of the gripper considering portions 7, 8, and 9. Right, the black-pixel concen-
tration of the trigger for each tested tissue thickness: 1–2 mm (purple), 2–3 mm (orange), and 3–4 mm (pink).
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solutions such as snap-fit connections for quick and easy assembly.
Being 3D printed, the instrument can be customized to the patient, the procedure, 

and the needs of the surgeon, for instance, by changing the gripper into a needle holder 
or fenestrated grasping forceps. Customization of the handle depending on the surgeon’s 
hand size is also possible. Although we took care in our handle to adhere to ergonomic 
principles, it is impossible to design one handle that fits all. On the other hand, it is not 
necessary to change the entire design for each surgeon, since the main functionality re-
mains the same. We addressed the customization by enabling certain specific dimensions 
to be easily adjustable. For instance, the length and width of the handle can be adjusted to 
the palm size of the surgeon, and the distance of the trigger to the handgrip can be adjust-
ed to the length of the index finger. In addition, by mirroring the trigger design, it can 
be changed from right- to left-handed. For future implementation, we envision surgeons 
recording some of their relevant hand measurements in a personal portfolio, which can be 
easily implemented in the CAD design and 3D printed on demand to create surgeon-spe-
cific instruments.

6.4.2 Performance and improvements
The low bending stiffness of the steerable segment reduces the forces required for steer-
ing and increases the ease of maneuverability. In the steering force test, we found that the 
force required for steering the end-effector is between 12.5 and 23.5 N, with the maximum 
applied force measured in no load condition. This result is counter-intuitive, but since this 
was the first condition tested, it might be explained by the user’s inexperience, which led 
to an excessive force being applied. In fact, excluding the no-load condition, the applied 
force ranges between 12.5 and 15.7 N. The maximum measured force applied by the user 
on the trigger to operate the gripper was 13.2 N. This force is comparable to the measured 
forces as applied by the surgeon while using conventional instruments in a laparoscopic 
setting that varies between 9 and 15 N for gentle pinch [42,48,49]. No data are available on 
the force required to steer the end-effector on commercially available steerable handheld 
laparoscopic instruments with fully mechanical actuation. In a future study, it would be 
interesting to perform a test to compare the results of the 3D-Grip to commercially avail-
able laparoscopic devices, which are especially related to the steering force.

An important aspect related to the surgeon’s comfort during laparoscopic surgery is 
the handle-to-tip force ratio [44]. In the grasping force test, we measured the grasping effi-
ciency as the control-force-to-gripper-force ratio. We found that the efficiency ranges be-
tween 10% and 30%. This efficiency is comparable to common laparoscopic graspers [45]. 
However, this efficiency should still be improved: a higher force transmission ratio has 
been associated with lower muscle fatigue in the forearm, which improves the surgeon’s 
comfort [44], higher force feedback [46], as well as prevention of tissue slipping from the 
gripper, which improves performance [47]. A possible reason for a low force transmission 
ratio is the friction of the cables in the cable channels. Since the cable channels are diffi-
cult to clean after printing, the leftover resin may remain in the channels, which cannot 
be easily removed or cured. Additional drainage holes and more thorough cleaning could 
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aid in this respect.
Using the pressure foil, we were also able to evaluate the pressure distribution on the 

joystick, trigger, and gripper jaws. The imprints of the joystick showed that the pressure 
concentration was higher on the edges, especially on the top/right and bottom/left. This 
result seems to indicate that more force is required for steering in the up- and downwards 
direction compared to the left/right direction, which can be attributed to the applied load. 
More research is needed to indicate whether a more equal pressure distribution can be ob-
tained with for instance a customized joystick head. For the trigger imprints, the concen-
tration was equally distributed over all the portions. The imprints of the gripper showed 
a pressure concentration of the forces at the proximal end of the jaws, which caused local-
ized pinch force on the tissue. The limited areas of the imprints in the other portions of 
the gripper were too small to evaluate using the pressure foil, considering the supplier’s 
guidelines. To quantitatively evaluate this pressure, a possible solution would be using a 
pressure sensor on the gripper such as the one used by Jin et al. [48]. An interesting option 
to obtain a uniform distribution of the gripper forces would be an adaptable gripper such 
as the one proposed by Sun et al. [20].

6.4.3 Limitations and future studies
The verification of 3D-GriP showed that it functions comparably to existing laparoscop-
ic instruments; however, there are some limitations to the design and tests described in 
this article. Since our instrument was designed for disposable use, we did not carry out a 
dedicated fatigue test for the compliant joints. However, we observed the compliant joint 
behavior and durability after repeated use of the prototype in both steering and grasping 
during the tests. The prototype did not experience any sign of fatigue or breakage; how-
ever, more testing is required to determine the joint fatigue and optimal dimensions for 
the compliant joints.

For the fixation of the cables, we initially used thread inserts and dog point screws. 
However, after executing the tests, the metal thread inserts in the trigger tore the material 
apart. In future instruments, we will experiment with alternative methods of fixating the 
cables, for instance by applying a small amount of the same photopolymer resin used to 
print the instrument at the fixation point and letting it cure. The advantage of this meth-
od is that it is quicker to apply than the thread inserts and screws, and it requires fewer 
parts and materials. Testing should find out whether this fixation will hold up in repeated 
use.

The design of the pistol-grip handle is based on well-documented ergonomic prin-
ciples. However, we did not perform any tests with users to verify its comfort level. We 
suggest that future tests require multiple participants, preferably surgeons, as they are fa-
miliar with laparoscopic instruments, with an equal number of instruments customized 
to their specific hand sizes in order to verify its potential as an ergonomic instrument.

The 3D printer used for our design was a Form 3B, which is based on SLA technolo-
gy and optimized for biocompatible materials. However, biocompatible materials that 
also have the possibility to be sterilized with different technologies, such as autoclave or 
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gamma radiation, are limited. Moreover, since we found that the available biocompatible 
materials were too brittle for use in the compliant flexures, we decided to print our proto-
type using non-biocompatible materials to analyze the functionality of our design. In the 
future, we hope that new biocompatible and sterilizable materials will become available 
with characteristics similar to the materials we used in this study for truly biocompatible 
3D printed surgical instruments.

6.5 CONCLUSION
In this work, we have proposed a design of a handheld steerable instrument for MIS that 
can be fully 3D printed. The new steerable instrument, called 3D-GriP, is fully mechan-
ically actuated using cables. It complies with standard specifications for laparoscopic 
instruments, such as an omnidirectional bending between 40 and 60 degrees, a gripper 
opening of 60 degrees, and a shaft diameter of 8 mm. We designed a handle for the instru-
ment based on ergonomic principles, which allows for single-hand control of both grasp-
ing and steering. Using AM allows personalizing the handle to the surgeon’s preference by 
adjusting specific dimensions in the CAD model. This flexibility allows the production of 
customized handles to increase the surgeon’s comfort. In addition, the use of AM enables 
a minimal part count by making use of compliant joints and snap-fit connectors. We test-
ed the required forces to steer and operate the instrument by measuring both the input 
actuation force and the output grasping force. The results show that the operating forces 
on the handle remain below 15 N for both steering and grasping, resulting in a grasping 
efficiency of 10–30% for the force transmission. Although the instrument was developed 
for laparoscopy, our design can be easily adapted to other fields of minimally invasive sur-
gery.
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SMALL SCALE 3D PRINTING: 
STEERABLE LIGHT PIPE

Additive Manufacturing or 3D printing presents unique capabilities in producing in-
tricate shapes and mechanisms, particularly advantageous in the domain of miniature, 
high-precision instruments, such as those utilized in eye surgery. Despite the benefits 
of Additive Manufacturing, challenges persist in miniaturized applications, stemming 
from size constraints and the accuracy limitations of current 3D printers. This paper in-
troduces a novel approach to develop an ultraslender steerable light pipe, named Acci, for 
eye surgery using conventional 3D print technology. Acci’s design addresses challenges 
in manufacturing miniature negative features using Stereolithography, by employing a 
helical structure. The optical fiber, essential for illumination, also serves as the actuation 
cable, eliminating additional parts and assembly steps. The non-assembly 360-degree pre-
cision-grip handle, designed for single-step printing, enhances maneuverability. Acci was 
tested successfully in an artificial eye, demonstrating its illumination capabilities and the 
potential for further customization. This design illustrates the capacity of non-assembly 
Additive Manufacturing to create tailored medical instruments for specific applications 
at the intersection of the capabilities of Additive Manufacturing and medical device de-
sign boundaries.

Submitted as:
K. Lussenburg, P. Breedveld, A. Sakes, Development of a Novel 3D-Printed Steerable Light 
Pipe for Eye Surgery.
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7.1 INTRODUCTION
Additive Manufacturing (AM) or 3D printing provides significant flexibility in the crea-
tion of intricate shapes and mechanisms. This capability is particularly advantageous in 
applications involving miniature, high-precision instruments, such as those used in eye 
surgery. AM offers numerous benefits, including the ability to produce customized prod-
ucts and increased complexity. However, the primary challenges associated with AM in 
miniature applications lie in the constraints of manufacturing size and the accuracy lim-
itations of current 3D printers [1, 2].

In the realm of eye surgery, where instruments and components are exceptionally 
small, the majority of currently available AM technologies struggle to produce features at 
this scale. While progress has been made in nanoscale AM methods like 2-photon lithog-
raphy, these techniques are limited to sub-millimetre build volumes [3]. For applications 
in the millimetre-scale range, such as those for eye surgery, only a few print methods are 
potentially suitable. Among the commercially available AM techniques, vat photopolym-
erization processes boast some of the highest reported resolutions, currently reaching as 
small as 25 µm [3-5]. However, when the size of parts or features approach the maximum 
resolution, limitations in accuracy become apparent. The final accuracy of a part will be 
influenced by many factors, such as the material, process parameters and even the specific 
3D printer [6]. 

In this paper, we describe a novel way to develop an ultraslender steerable light pipe 
for use during eye surgery, nicknamed Acci, using conventional 3D print technology. The 
function of a light pipe is to illuminate the inside of the globe of the eye during surgical 
procedures. As of now, only rigid light pipes exist for eye surgery. By adding steerability, 
the light can be directed more precisely to the surgical location without placing high forc-
es on the trocar, as well as prevent shadows caused by the other instruments. 

7.2 MATERIALS AND METHODS
Stereolithography (SLA) excels in accurately manufacturing miniature positive features. 
However, it encounters challenges when attempting to create miniature negative features, 
even when falling within the reported accuracy range of 3D printers. Printing ultrathin 
cannulas proves to be particularly challenging, mainly due to the potential fusion of the 
lumen. Our previous study [7] revealed that this difficulty can be traced back to residual 
heat emanating from the laser spot, correlating with the total surface area of the negative 
feature and the number of layers.

Based on this observation, we designed Acci in the form of a helical structure (Figure 
1a). By applying this design, each layer has a smaller surface area that needs to be cured, as 
compared to that of a solid hollow tube with a smaller perimeter. The laser spot also does 
not encircle the entire negative space, which results in less cumulative heat build-up. The 
helical thread has a circular cross section of 100 µm. A vertical backbone with the same 
diameter as the helical thread was added to function as a custom support structure, en-
suring printability, add axial stiffness to the shaft, and allow for single-sided 1 Degree of 
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Freedom (DoF) bending of the shaft using a single cable connected to the tip of the end-ef-
fector (Figure 7.1a).  

Instead of using a metal actuation cable, as is common in steerable instruments, in this 
case the optical fibre required for illumination was used for actuation, thereby eliminat-
ing the need for additional parts and assembly steps. The bare optical fibre of a commer-
cial light pipe, with a diameter of 1.75 mm, was reused for this purpose (D.O.R.C., Zuid-
land, The Netherlands). The plastic sleeve of the optical fibre was stripped, leaving the core 
and cladding, with a total diameter of 120 µm. This was inserted through the end-effector. 
The distal end of the optical fibre was attached to the tip of the end-effector, using the 
same resin as used for printing, the proximal end to the handle (Figure 7.1b).

A non-assembly 360-degree precision-grip handle was designed in such a way that 

Figure 7.1:  Design of the steerable light pipe Acci. a) Schematic design of the shaft, which consists of a hel-
ical structure and a straight backbone. b) Cross-section of the entire instrument. The green parts indicate the 
double compliant beams and the inner channel which serves as a guide for the optical actuation fibre (orange). 
The orange circles indicate where the optical fibre is attached to the instrument. c) 3D printed prototype of 
the steerable light pipe, printed in a transparent material. The blue cable is the protective cover of the optical 
fibre. The close-up (75x magnified) shows the end-effector with the core of the optical fibre in metallic and the 
printed structure in the transparent material, the backbone is located on the top of the helix.
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it could be printed in the same orientation as the end-effector (Figure 7.1b). The preci-
sion-grip handle consists of a double layer of compliant beams, oriented in a circular man-
ner. By pinching the handle between two fingers, the diameter decreases, and the handle 
elongates because of the compliant beams, thereby pulling on the actuation cable and as a 
result steering the end-effector. The 360-degree precision-grip handle also allows the sur-
geon to rotate the instrument between their fingers without compromising an ergonomic 
position and adds another DOF to the end-effector. 

7.3 TESTING AND EVALUATION
Acci was printed in a single step on a commercially available Formlabs 3B SLA printer, 
in the material Clear, with a layer height of 50 micron (Figure 7.1a). After printing, the 
design was thoroughly cleaned in isopropyl alcohol and a wire was used to carefully push 
any remaining resin out of the end-effector. The final printed prototype Acci has an outer 
diameter of 0.75 mm, which allows it to fit through an industry standard trocar size of 
20G. It can reach a maximum bending angle of up to 90° (Figure 7.2a) to steer the illumi-
nated tip (Figure 7.2b).

Acci was tested in an artificial eye, by inserting the end-effector through a 20G trocar 
(Figure 7.2c, a link to a video is availale at the end of this Chapter). It was possible to steer 
the instrument inside the eye, and the movement of the illuminated tip was visible from 
the outside. 

7.4 RESULTS AND DISCUSSION
Acci was able to illuminate the full surface of the inside of the eye by using the steerable 
tip. From the tests it became clear that the end-effector of Acci is slightly too long. The 
Acci was designed with a shaft length of 40 mm, similar to other eye surgical instruments. 
However, it was found that there is no need for the light pipe to actually reach all the way 
to the back of the eye for clear illumination. Therefore, a short shaft length of 15 – 20 mm 
is preferred. 

The end-effector was illustrated to have a very low stiffness. Usually, low stiffness is 
considered a negative feature in surgical instruments, however for eye surgery the rule 
is “when you feel something, you have gone too far”. A low-stiffness instrument can mit-
igate forces and prevent damage to internal ocular structures, in case the light pipe ac-
cidentally touches the side of the eye. However, when part of the end-effector remained 
outside of the eye, the low stiffness complicated maintaining the correct position with 
respect to the trocar. This can be mitigated by reducing the shaft length or by designing 
a variable stiffness end-effector, with a stiffness gradient from the proximal to the distal 
end. This can be accomplished by varying the pitch or thread thickness of the helix.

The design of Acci shows the potential of using non-assembly AM to create custom 
medical instruments for specific applications and is an example of how exploring the 
boundaries of AM can lead towards a new innovative design. The use of the optical fibre 
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as actuation cable combines two functions into one and ensures a quick and simple pro-
duction process. The handle has the potential for further customization, for instance to 
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REFERENCES
[1] C. Culmone, G. Smit, P. Breedveld, Additive manufacturing of medical instruments: A state-of-the-art 

review, Addit Manuf. 27 (2019) 461–473. https://doi.org/10.1016/j.addma.2019.03.015.

[2] K. Lussenburg, A. Sakes, P. Breedveld, Design of non-assembly mechanisms: A state-of-the-art review, 

Addit Manuf. 39 (2021) 101846. https://doi.org/10.1016/j.addma.2021.101846.

[3] M. Vaezi, H. Seitz, S. Yang, A review on 3D micro-additive manufacturing technologies, The Inter-

national Journal of Advanced Manufacturing Technology. 67 (2013) 1721–1754. https://doi.

org/10.1007/s00170-012-4605-2.

[4] F.P.W. Melchels, J. Feijen, D.W. Grijpma, A review on stereolithography and its applications in 

biomedical engineering, Biomaterials. 31 (2010) 6121–6130. https://doi.org/10.1016/j.biomateri-

als.2010.04.050.

[5] I. Gibson, D. Rosen, B. Stucker, Additive Manufacturing Technologies, Springer New York, New York, 

NY, 2015. https://doi.org/10.1007/978-1-4939-2113-3.

[6] J.S. Cuellar, G. Smit, A.A. Zadpoor, P. Breedveld, Ten guidelines for the design of non-assembly mech-

anisms: The case of 3D-printed prosthetic hands, Proc Inst Mech Eng H. 232 (2018) 962–971. https://

doi.org/10.1177/0954411918794734.

[7] K. Lussenburg, M. Scali, A. Sakes, P. Breedveld, Additive Manufacturing of a Miniature Functional 

Trocar for Eye Surgery, Front Med Technol. 4 (2022). https://doi.org/10.3389/fmedt.2022.842958.

Figure 7.2: The full instrument with embedded light fibre. a) Pinching of the handle results in bending of 
the end-effector. b) The instrument with illuminated tip. 



Video of the motion and testing of the Acci (download). 
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A vitrectome is a commonly used instrument in eye surgery, which is used to cut and as-
pirate the vitreous body out of the eye. The mechanism of the vitrectome consists of min-
iature components that need to be assembled by hand due to their size. Non-assembly 3D 
printing, in which fully functional mechanisms can be produced in a single production 
step, can help create a more streamlined production process. We propose a vitrectome 
design based on a dual diaphragm mechanism, which can be produced with minimal as-
sembly steps using PolyJet printing. Two different diaphragm designs were tested to fulfil 
the requirements of the mechanism: a homogenous design based on ‘digital’ materials, 
and a design using an ortho-planar spring. Both designs were able to fulfil the required 
displacement for the mechanism of 0.8 mm, as well as cutting forces of at least 8 N. The 
requirements for the cutting speed of the mechanism of 8000 RPM were not fulfilled by 
both designs, since the viscoelastic nature of the PolyJet materials resulted in a slow re-
sponse time. The proposed mechanism shows promise to be used in vitrectomy, however 
more research into different design directions is required.

MULTI-MATERIAL 3D PRINTING: 
RECIPROCATING VITRECTOME
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8.1 INTRODUCTION
The vitreous body is a gel-like substance that fills the inside of the eye, consisting out of 
water (99%) and a collagen fibre network intermixed with hyaluron (Figure 8.1a) [1]. Its 
main function is to stabilize the eye and absorb shocks from movement or mechanical 
impact that can reach the retina or lens [2]. The collagen fibres are connected to internal 
structures of the eye, such as the retina, creating a more dense network towards the outer 
edges of the eye [3]. In certain operations in the posterior segment of the eye it is neces-
sary to remove part or all of the vitreous, for instance to gain a clear path of access to the 
retina, without applying traction to the delicate internal structures. For this, a vitrectome 
or vitreous cutter is used, which simultaneously cuts the vitreous in smaller pieces and 
aspirates it through the instrument out of the eye (Figure 8.1b-c). Such an instrument gen-
erally consists of a small hollow knife which is placed inside the eye, with a driving and 
aspiration mechanism inside the handle which remains outside of the eye. 

The vitrectome, as well as other instruments commonly used in ophthalmology, con-
sists of very small components with strict requirements regarding their precision and 
alignment. To produce these type of devices, manual assembly is still the most feasible 
solution, however this is time-consuming, expensive, and susceptible to human error [4]. 
Automatic assembly processes are generally too costly to implement in the manufacture 
of small and intricate surgical instruments, such as a vitrectome, as they ask for highly 
advanced robotized assembly systems that would  require too high investments for me-
dium-scale manufacture [4]. As an alternative, the use of additive manufacturing (AM) 
or 3D printing offers potential to streamline the production process, since its potential 
for high geometrical complexity allows for a high integration between parts with differ-
ent functionalities, thereby reducing the need for assembling multiple parts [5]. AM can 
contribute to the optimization of the production and assembly chain for medical devices, 
since fully functional mechanisms can be produced in a single production step, without 
needing to be assembled [5,6]. These so-called non-assembly mechanisms make produc-
tion cheaper and easier, reducing the need for specialized knowledge for the assembly and 
fine-tuning of the mechanism. 

Figure 8.1: Vitrectomy surgery. a) Schematic cross-section of the anatomy of the eye, showing the orien-
tation of the collagen fibre network in the eye, based on [3]. b) Schematic of the set-up during a typical vit-
rectomy. c) An example of a commercially available vitrectome as produced by D.O.R.C. (Dutch Ophthalmic 
Research Centre, Zuidland, The Netherlands).
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Non-assembly designs have successfully been explored for the design of advanced, 
steerable end-effectors for minimally invasive instruments [7–10], as well as deployable 
implants [11,12], using different types of AM technology. So far, there have been only few 
attempts towards 3D printing instruments for eye surgery. Some examples are miniature 
3D printed trocars [13,14], and a surgical puncturing needle, which can puncture a reti-
nal vein with a programmable stroke length [15]. The difficulty in creating non-assembly, 
3D printed instruments for eye surgery is that these instruments require specific, precise 
functionalities, in a relatively small design space. This requires a high level of integration 
between components, which effectively means a new design has to be created specific for 
AM, in which both functionality and manufacturability are taken into account [16]. In 
this study we explore the use of AM for the design and development of a non-assembly vi-
trectome mechanism used in eye surgery, with the intention of simplifying its fabrication 
and assembly process to facilitate its use as a low cost disposable product. Special attention 
is paid to attempting to fulfil the specific requirements of the vitrectome, in order for it to 
be feasible to use in eye surgery. 

8.2 DESIGN AND FABRICATION 

8.2.1 Specifications
A vitrectome generally consists of two hollow tubular knives and a driving mechanism. 
The outer knife is stationary and has a closed, blunt tip, with an aspiration opening (port) 
on the side. The driving mechanism moves the inner knife within the outer knife, with a 
guillotine-like linear cutting motion to cut the vitreous. A linear cutting motion of the 
inner knife is preferred over a rotary motion, to prevent traction of vitreous that is pulled 
between the shearing blades [17]. Modern vitrectomes have both an aspiration port in the 
outer knife, as well as in the inner knife, to double the effectiveness of the cut (Figure 8.2). 
The end of the inner knife is connected to an aspiration system, through which the vit-
reous is removed from the eye. Sizes of outer knives currently used in eye surgery vary 

Figure 8.2: Close-up of the cutting principle of a  vitrectome. The inner knife moves with a linear cutting 
motion within the stationary outer knife. Both knives have an opening on the side called an aspiration port, 
these two ports cause the inner knife to create two cuts instead of one per reciprocating motion (the cutting 
sides of the inner knife are highlighted with a blue line).
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between 23G (0.65 mm) and 27G (0.4 mm) [18]. 
The mechanism that drives the cutting motion of the knives is located in the handle. 

Although different driving mechanisms are used in vitrectomes currently on the market, 
the most common drive systems are powered by an external pneumatic system [19], which 
is operated during surgery by means of a foot pedal. The system generates short pressure 
pulses, causing a linear, vibrating motion of the inner knife. Vitrectomes on the market 
today have a pulse rate of the driving mechanism that varies between 0 and 8000 pulses 
per minute, which results in 16000 cuts per minute when two aspiration ports are used (as 
illustrated in Figure 8.2) [18]. A low cut rate is used for operations such as retinal shaving, 
where precision and control are important, whereas a high cut rate can be used to remove 
the central part of the vitreous. High cut rates result in less traction on the retina and are 
also associated with better removal of the vitreous, resulting in a shorter duration of the 
surgery [20,21]. 

The stroke length of the driving mechanism is based on the geometries and toleranc-
es of the aspiration ports, with a safety factor to ensure that the vitrectome always ful-
ly opens both aspiration ports. The cutting force generated by the driving mechanism 
should be approximately 8 N in the forward and backward direction. Since the force to cut 
the actual vitreous is very low, the majority of the cutting force is required to overcome 
the friction between the knives and within the driving mechanism. The handle of the vi-
trectome needs to be small enough for operation by a one-handed precision-grip by the 
surgeon while enabling rotation between the fingers to position the aspiration port of the 
outer knife in different orientations. 

8.2.2 Driving mechanism 

Design
In order to design a non-assembly vitrectome suitable for AM, we started from a simpli-
fied vitrectome design, which we adjusted for the different functions of the vitrectome 
and the manufacturing requirements of AM. A simple design for a pneumatically actuat-
ed translating system is a piston, shown implemented in a vitrectome in Figure 8.3a. The 
piston moves forward and backward when air pressure is applied to an airtight chamber 
on either side of the piston. Since most pneumatic systems used in vitreoretinal surgery 
only supply a positive pressure pulse, the vitrectome should either contain two air inlets 
with regulated valves, one on each side of the piston, or the mechanism should be designed 
in such a way that the return stroke does not require pressure. To keep the design as simple 
as possible, a spring can be implemented to provide the return stroke (Figure 8.3b). 

Although the piston-spring design has the potential to fulfill the functional require-
ments of a vitrectome, there are some problems using AM to create such a system. First, 
sliding surfaces are problematic for 3D printed parts, due to the presence of visible layer 
lines in the part, often called the staircase effect. This can hinder the sliding motion of the 
piston, or create unacceptably high friction forces. Second, very tiny clearances need to 
be present between the piston and the walls of the housing as to allow the piston to move 
while keeping an airtight chamber. Since the goal is to create a non-assembly mechanism, 
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these clearances need to be incorporated within one 3D printed part. Small clearances 
printed in such a way run the risk of fusing of parts, while large clearances will not cre-
ate an airtight chamber. To solve this, the piston-spring design was replaced by a flexible 
diaphragm, which can theoretically fulfill the function of both the piston and the spring, 
as shown in Figure 8.3c. The advantages of a diaphragm mechanism are that it is easier to 
print, since the parts are attached to each other, the diaphragm creates an effective seal for 
the air chamber, and a separate spring is no longer required. 

Since the inner knife needs to be connected to an aspiration system at the distal end, 
the knife needs to extend beyond the driving mechanism. This exit should allow the in-
ner knife to move, while remaining airtight, which can conventionally be solved by using 
a rubber O-ring. This creates effectively the same manufacturing problems as described 
above for the piston. As a solution, here a diaphragm was implemented as well to provide 
both an airtight seal, and allow movement of the inner knife (Figure 8.3d). The resulting 
design can be described as a dual diaphragm actuator. The additional advantage of this 
design is that it obtains a linear guidance for the inner knife, without the high required 
precision that is difficult to  achieve using AM. 

Working principle
The two diaphragms form an enclosed chamber, to which the pneumatic pressure pulse 
is applied. The inner knife is attached to the center of the diaphragms. When a pressure 

Figure 8.3: Evolution of the design for the non-assembly vitrectome driving mechanism. a) Schematic de-
sign of a simple, pneumatically actuated driving system with a piston (orange) delivering a forward motion 
for the inner needle by means of air pressure. b) Same design in which the backward force is delivered by a 
spring (green). c) Piston-spring system replaced by a flexible diaphragm, which fulfills both the function of 
the piston and the spring. d) Dual diaphragm system in which the back of the instrument is also sealed with 
a diaphragm.
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pulse is applied, the diaphragms are forced outwards, thus applying an opposite force on 
the needle. For two diaphragms of equal size, the force on the inner knife is equal in both 
directions, resulting in zero motion. In order to create a resulting force to move the in-
ner knife in one direction, the diaphragms should have a different surface area. For the 
net force to point to the right at a positive pressure in the air chamber in Figure 8.4, Dia-
phragm 1 should have a larger surface area than Diaphragm 2. The net force developed by 
the mechanism in the forward direction (F

net
) is equal to the difference between the force 

applied to the needle by the large (F
forward

) and small (F
backward

) diaphragms: 

    F
net

 = F
forward

 – F
backward   

(8.1)

The large diaphragm (Diaphragm 1) has multiple functions: 1) it converts the applied 
pressure to a forward motion of the inner knife; 2) it stores the spring energy required for 
exerting a force and movement in the backward direction; 3) it encloses the air chamber 
by forming a seal; 4) it holds the inner knife in the central position. The small diaphragm 
in the back of the instrument (Diaphragm 2) only functions as a seal that allows transla-
tion of the inner knife and keeps it centered. 

8.2.3 3D print technology
Considering the design of the driving mechanism, the used AM technology should be able 
to produce both rigid and flexible structures in the same production step. Although for 
some materials flexibility can be created by producing a thin, slender structure, this de-
pends on the minimum feature thickness that can be produced by an AM technology. For 
the small size of the vitrectome, it does not appear to be feasible to produce a diaphragm 
with a sufficient slenderness ratio. Another strategy is to combine stiff and flexible mate-
rials in one 3D printing step. Material jetting, often referred to as PolyJet printing (Strata-
sys Ltd, USA), is capable of depositing two or more different materials on a pixel-by-pixel 
level, referred to as a ‘digital material’ [22], which allows for the creation of monolithic, 
multimaterial structures in a single processing step. Therefore, this process was chosen to 
produce the non-assembly vitrectome. 

In the PolyJet process, an ink-jet print head moves in the horizontal xy-plane above 
the build platform. The ink-jet print head accurately deposits photopolymeric resin drop-

Figure 8.4: Working principle of the dual diaphragm mechanism. Left: schematic dual diaphragm design 
showing the various components of the design, before air pressure is applied. Right: air pressure is applied to 
the chamber, causing both diaphragms to exert an opposite force on the inner knife. The larger diameter of 
Diaphragm 1 results in a net forward force, causing a displacement “d” of the inner knife.
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lets on the build platform, which are instantly cured by ultraviolet (UV) light. The ink-jet 
print head has multiple nozzles that deposit different types of material in the same print, 
including a support material. Although the advantage of the process is that it can combine 
rigid and flexible materials in a single printing step, the behavior of these materials is dif-
ficult to predict, since they are heavily influenced by the settings of the 3D printer [23], 
such as the orientation on the build plate [24,25], UV exposure during printing [24,26], 
and the presence of support material [27]. In addition, the materials used in the PolyJet 
process exhibit viscoelastic behavior [27], and are both frequency- and temperature de-
pendent [28]. Based on these factors, it is difficult to predict the final behavior of a mech-
anism in advance. 

8.2.4 Non-assembly vitrectome design 

Knives
Although the PolyJet process is able to produce small features with high resolution, it is 
not possible to produce the knives with the required tolerances and size, or with sufficient 
stiffness. Therefore, the decision was made to use off-the-shelf knives (D.O.R.C., Zuidland, 
The Netherlands), which will be attached in the final mechanism. These particular knives 
require a stroke length of the driving mechanism of 0.8 mm. The inner knife is connected 
to the rigid carrier in the center of the diaphragms, while the outer knife is connected to 
the housing in the front and is stationary.

Main body and housing
Using PolyJet printing, the diaphragms can be produced in a flexible material, while the 
rest of the handle can be produced in a rigid material. The design of the diaphragms is 
experimentally explored in Section 3. The handle of the vitrectome should facilitate han-
dling by the surgeon by means of a precision grip, therefore we limited the outer diameter 
to 16 mm at its widest point, with a slight inward slope that allows for placement of the 
fingers. For sufficient rigidity, the handle was given a wall thickness of 1 mm. On the back 
of the handle are two connector ports, one to connect the aspiration channel to the hol-
low needle, and one to connect the air chamber to the pneumatic system. To ensure that 
no pressure can build up outside the enclosed air chamber, two venting holes are located 
behind the large diaphragm, to ensure this part of the vitrectome remains at atmospheric 
pressure (Figure 8.5a). A rigid center portion, called the carrier in Figure 8.5a, is added to 
be able to hold the inner knife in the center of the diaphragms. The carrier is attached to 
both diaphragms, but not to the outer housing. 

In the PolyJet process, support material is always required for enclosed chambers 
[29], which means all internal cavities of the non-assembly vitrectome will be filled with 
support material. The support material is, however, water soluble and can be removed 
by soaking the part in water combined with mechanical removal, commonly pressure 
washing with water is used. To provide sufficient access for the pressure washer, multiple 
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drainage holes should be added to create a continuous path for the water [29]. The dual 
diaphragm design shown in Figure 8.5a-b contains two internal cavities: one between the 
two diaphragms, and one between the large diaphragm and the tip of the instrument. For 
the first internal cavity, we opted to create a continuous channel by using the air inlet and 
adding one additional drainage hole of 2.5 mm diameter, as illustrated in Figure 8.5a. The 
drainage hole is closed off after removing the support to create an airtight cavity. 

For the second internal cavity between the large diaphragm and the tip of the instru-
ment, in theory the venting holes can be used to remove the support material. Howev-
er, since the knives cannot be printed, the carrier has to be accessible from the outside so 
that the inner knife can be mounted to it. To facilitate this, we added a screw connection 
in front of the large diaphragm, which is integrated into the two halves of the housing. 
Although this adds an assembly step to the design, screw thread is simple and quick to as-
semble without any tools. In addition, it will save time and effort in removing the support 
material.  

Initial prototype
A prototype of the vitrectome was 3D printed to test the clearances and whether support 
could be removed from all chambers. The prototype (Figure 8.6) was printed on an Ob-
jet260 Connex 3 (Stratasys, Ltd., Minnesota, USA), using Vero, a rigid material, Agilus30, 
a flexible material, and support material 706b. It was possible to remove most of the sup-
port material, although a thin layer remains on all surfaces, which is noticeable when 
scratching it with a finger nail. The outer knife was glued to the tip, and the inner knife to 
the carrier. The total prototype has a weight of 4.6 g.

8.3 EXPERIMENTAL EVALUATION

8.3.1 Diaphragm requirements
In this section, we explore the mechanical properties of the dual diaphragm mechanism. 

Figure 8.5: Design of the non-assembly vitrectome. a) Cross-section showing the various components of 
the design. b) Half cross-section showing the full dual diaphragm mechanism. Diameter outer knife 0.4 mm, 
length outer knife 28 mm, length entire 3D printed vitrectome 80 mm.
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The mechanism has a number of specific requirements that need to be fulfilled by the 
diaphragms, as discussed in Section 6.2.1. The requirements of the large diaphragm are 
the following: 1) Provide a displacement of 0.8 mm; 2) Provide a forward force of 8 N as a 
result of the applied air pressure; 3) Provide a backward force of 8 N; 4) Obtain a cutting 
speed of ideally up to 8000 pulses per minute. Based on these requirements, the large di-
aphragm should be flexible enough to allow a forward motion with limited pressure, but 
also stiff enough for a sufficient spring constant for a fast backward motion. For the small 
diaphragm, the only requirement is that it needs to be as flexible as possible while provid-
ing an airtight seal. When air pressure is applied, this diaphragm will generate a force in 
the opposite direction, therefore this force should be minimized by means of a low stiff-
ness and small surface area.

Because of the near-unlimited possibility of mixing materials in any ratio and any 
design, and the lack of specific data on the material properties of PolyJet materials, we 
adopted an exploratory process, in which we tested different versions of the diaphragm 
to get a sense of the range of mechanical properties that the mechanism can obtain. The 
variables for these experiments are the design and material of the large diaphragm, while 
the rest of the mechanism is kept constant. 

8.3.2 Prototype design and production
A simplified prototype of the dual-diaphragm mechanism was designed for the tests (Fig-
ure 8.7a-c). The outer casing was converted to a rectangular shape, to enable easy fixation 
of the prototype during the tests. The design of this prototype was kept constant, while 
we tested different versions of the large diaphragm. The prototypes were printed using an 
Objet260 Connex 3 multi-material printer, using Agilus30, a flexible material, and Vero, 
a rigid material. For the support of the inner cavity, the water-soluble support material 
706b was used. To remove the support material, the samples were soaked in water for 2 
days, after which the rest of the support was manually removed with a micro pressure 
washer. The drainage hole was sealed using a standard bolt after cleaning. The cutting 
knives were not included in this prototype. 

Figure 8.6: Initial prototype of the non-assembly vitrectome. Left: 3D printed model of the vitrectome cut 
in half, showing the two knives, the carrier in black, and the diaphragms in light red. Right: 3D printed model 
of the vitrectome. The attachment of the outer diaphragm can be seen as a black line through the red housing. 
Diameter outer knife 0.4 mm, length outer knife 28 mm, length entire 3D printed vitrectome 80 mm.
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8.3.3 Experimental design and procedure
Initial experiments were conducted to test the proof-of-principle of the dual diaphragm 
mechanism. First of all, the goal was to investigate whether a non-leaking air chamber 
could be printed, and whether the sufficient displacement in the forward direction could 
be obtained. In addition, the forward cutting force, the backward cutting force, and cut-
ting speed of the mechanism were determined. During the tests, measurements were per-
formed on the carrier, which is the part of the mechanism that propels the inner knife. 

Forward cutting force
The first experiment measured the forward cutting force. This was tested by applying 
air pressure to the inner chamber, and measuring the force generated by the mechanism 
without a displacement. A pressurized air supply (PACE 5000, General Electric Company, 
Boston, United States) connected to a valve was used to apply a constant air pressure to the 
prototype. The prototypes were horizontally clamped in a custom aluminum platform to 
which a mini load cell (Futek, Irvinse, United States) was mounted in contact with the car-
rier, connected to an analog signal conditioner (Figure 8.8a). First, a baseline pressure was 
determined per prototype by testing the response on a range of different pressure levels 
to obtain a displacement of 0.8 mm. Then, to determine the forward force, fixed levels of 
pressure were stepwise applied for a duration of 20 seconds, causing the carrier to exert 
a force on the load cell, after which the pressure was relieved. Whenever possible, three 
different prototypes were tested at least three times, unless a prototype ruptured during 
the tests.

Backward cutting force and spring coefficient
The backward cutting force was measured using a tensile tester (Lloyd LS1EH, AMETEK 
STC, Berwyn, Pennsylvania, U.S.A.) with an attached 50 N load cell (AMETEK STC, Ber-
wyn, Pennsylvania, U.S.A.). The prototype was clamped vertically to the base of the tensile 
tester and a blunt needle was attached to the load cell, which was used to displace the carri-

Figure 8.7: Prototypes of the dual diaphragm mechanism used for the experimental evaluation. a) 3D 
model of the prototype. b) Cross-section of the 3D model showing the various parts. c) Cross-section of the 3D 
printed prototype.
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er of the prototype from the outside (Figure 8.8b). The tensile tester was set to displace the 
carrier downwards by 0.9 mm with a speed of 0.6 mm/min. After reaching the maximum 
displacement, the tensile tester moved upwards while the load cell registered the force ex-
erted by the carrier. The tests were repeated three times per prototype from the front and 
three times from the back. The measured data was plotted in a force-displacement plot (an 
example is given in Figure 8.8c). The slope of the loading curve of each measurement was 
used to determine the spring coefficient of the diaphragm. 

Cutting speed
A similar setup as in the forward cutting force test was used to measure the cutting speed, 
except in this case a laser sensor (ILD1420-10, Micro-Epsilon, Ortenburg, Germany) was 
used to measure the displacement of the carrier. Again the baseline pressure level was de-
termined per prototype and applied in pulses of different pressure levels. The displace-
ment of the carrier and the time required to reach this displacement were recorded from 
the moment a constant pressure level was applied. When the pressure was lifted, the dis-
placement and time were recorded until the carrier had returned to its base position. This 
resulted in a response time for the forward motion as a result of the pressure, and a re-
sponse time for the backward motion as a result of the spring constant of the diaphragm. 
Whenever possible, three different prototypes were tested at least three times, unless a 
prototype ruptured during the tests.

8.3.4 Digital material diaphragms

Design
The first design that was explored was a diaphragm made of a homogenous material with 
a simple disk-geometry, in which the material properties are responsible for the function-
ing of the mechanism. This design direction was used to determine the base characteris-
tics, such as the displacement, force required for cutting, and speed, of a dual-diaphragm 
mechanism. Based on design guidelines for the PolyJet process, a “safe” thickness for a 
self-supporting wall is 1 mm [30]. Since the small diaphragm should have less stiffness, it 

Figure 8.8: Set-ups used in the experimental evaluation. a) Set-up for the forward cutting force test and 
cutting speed test. b) Set-up for the backward cutting force test. c) Example of a force displacement plot used to 
calculate the spring coefficients of the prototypes.
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was given this thickness of 1 mm. The outer diameter of the small diaphragm was set to 7 
mm. The outer diameter of the large diaphragm was set to 14 mm, which is the maximum 
size based on the diameter of the housing, and given a thickness of 2.3 mm. The carrier 
has a diameter of 6.5 mm in the large diaphragm, and 3 mm in the small diaphragm. We 
tested three different digital material mixtures: 1) a flexible version of 20% Vero and 80% 
Agilus30, 2) a medium version of 50% Vero and 50% Agilus30, and 3) a stiff version of 80% 
Vero and 20% Agilus30, as indicated in Table 8.1. 

Table 8.1: Ratios of the different material mixtures used for the diaphragms in the prototypes.

Name Composition Vero
Composition 

Agilus30
Stiffness indication

80Agilus20Vero 20% 80% flexible

50Agilus50Vero 50% 50% medium

20Agilus80Vero 80% 20% stiff

Results 
All of the tested digital material prototypes were able to reach a minimum displacement 
of 0.8 mm. The backward cutting force, spring coefficient, and pressure to reach the dis-
placement per prototype are summarized in Table 8.2. Figure 8.9a shows the average max-
imum measured forward force generated by the digital material diaphragms on different 
pressure levels. The graph shows that the forward force output of all the tested prototypes 
is nearly identical. All prototypes were able to reach a forward force of more than 8 N 
when an air pressure of 250 kPa was applied. 

Table 8.2: Results of the digital material diaphragms, showing the average backward cutting force, the 
average spring coefficient, and the average pressure required to displace the carrier by 0.8 mm. In addition, the 
fastest obtained forward and backward response for a displacement of 0.8 mm are given .

Prototype name 

(stiffness indication)

Backward 

cutting 

force (n=18)

Spring 

coefficient 

(n=18) 

Pressure 

to reach 

0.8 mm 

displace-

ment (n=2)

Fastest 

forward 

response 0.8 

mm  (n=1)

Fastest 

backward 

response 0.8 

mm  (n=1)

20Agilus80Vero 

(stiff)
8.9 ± 0.92 N 

11.7 ± 1.53 

N/mm
257 kPa 0.567 s 30.5 s

50Agilus50Vero 

(medium)
3.6 ± 0.27 N

5.2 ± 0.28 

N/mm
171 kPa 0.156 s 9.7 s

80Agilus20Vero 

(flexible)
3.3 ± 0.16 N

4.5 ± 0.18 

N/mm
156 kPa 0.110 s 9.2 s
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The relationship between the applied pressure and the forward displacement of the 
carrier is fairly linear, as shown in Figure 8.9b. The stiff prototypes (20Agilus80Vero) re-
quired a higher pressure to move the carrier than the flexible material (80Agilus20Vero), 
as expected. In Figure 8.9c, it can be seen that a higher pressure also resulted in a faster 
response for each prototype. However, the stiff prototypes did not have a faster response 
than the flexible prototypes. The flexible prototypes were more responsive for both the 
forward and backward movement than the medium or stiff prototypes. The fastest time 
recorded in the tests was 0.11 seconds in the forward motion for the flexible prototype, be-
fore the diaphragm failed. 

Figure 8.9: Test results of the digital material diaphragms. a) The average forward force as a function of 
the pressure. b) The displacement of the carrier as a function of the pressure. Only two prototypes for each 
material could be tested due to failure. c) The time it took the carrier to reach a forward displacement of 0.8 
mm as a function of different pressure levels. Only two prototypes for each material could be tested due to 
failure for the medium and stiff materials, and only one of the stiff prototypes (20Agilus80Vero) is plotted, 
the other prototype failed during the test. d) The loading and unloading curves of the prototypes, illustrating 
the hysteresis present in the mechanism.
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Figure 8.10: Design of the spring-reinforced diaphragms. a) 3D model showing the cross-section of the pro-
totype, with a flexible membrane printed in 100% Agilus30, and on top an ortho-planar spring printed in 100% 
Vero. b) Top view of the spring design. c) Photograph showing the printed prototype.

Figure 8.9d shows the average force-displacement curves for the prototypes. The load-
ing part of the cycle corresponds to the force required to displace the carrier, which is fair-
ly linear in all cases. The unloading part of the cycle is the backward force generated by the 
diaphragms. The stiff prototypes reached the highest backward cutting force of 8.9 N on 
average at a deflection of 0.8 mm, while the medium and flexible prototypes showed val-
ues of 3 – 4 N on average. The calculated spring coefficients of the diaphragms are given in 
Table 8.2, and are in a range between 4.5 N/mm for the most flexible prototypes, and 11.7 
N/mm for the stiffest prototypes. These spring coefficients show that the stiffness of the 
mechanism does not increase linearly with the percentage of Vero. The difference between 
the loading and the unloading curves indicates hysteresis in the system, which is negative 
for the efficiency of the design. This results in a longer time for the diaphragm to return 
to its initial position, as well as a lower backward cutting force. The results suggests that 
Agilus30 is more capable of storing and releasing energy than Vero, as the prototypes with 
the highest percentage of Agilus30 have the smallest average hysteresis area. 

The results obtained in these first experiments show that it is possible to create a dual 
diaphragm mechanism using PolyJet printing, with the required displacement and for-
ward force. However, the backward force and cutting speed do not yet fulfill the require-
ments. We speculate that this can be attributed to the viscoelastic nature of the digital 
materials. Therefore, we designed and tested another version of the large diaphragm in 
which the functions of the diaphragm are separated from the materials. 

8.3.5 Spring reinforced diaphragms

Design
The second design was aimed at improving the speed characteristics of the mechanism. 
For this design, we separated the function of storing spring energy for the backward 
motion and the function of airtight enclosing of the air chamber. In this case, a flexible 
membrane of 100% Agilus30 with a thickness of 0.5 mm is responsible for sealing the air 
chamber, while an ortho-planar spring printed directly on top in 100% Vero is responsible 
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for the speed and backward motion (Figure 8.10a). Ortho-planar springs are a type of pla-
nar spring, which typically have a central platform connected to a base by means of flex-
ible segments [31], allowing a linear, out-of-plane motion [32]. The design of the spring 
is shown in Figure 8.10b-c. The spring covers as much of the surface of the diaphragm as 
possible, in order to prevent the flexible membrane from being pushed through the gaps 
under air pressure, by using minimum clearances of 0.25 mm, in accordance with PolyJet 
design guidelines. 

The spring stiffness can be varied by changing the thickness of the ortho-planar spring 
printed on top of the diaphragm. To investigate the influence of the thickness, we used 
Finite Element Modelling (FEM) (SolidWorks, Dassault Systemes SolidWorks Corp., 
Waltham MA) to calculate different thicknesses, using the material properties of Vero as 
supplied by the manufacturer [22]. First, we calculated the thickness required for a com-
pletely solid diaphragm made of 100% Vero in order to deliver a backward force of 8 N, 
this thickness was calculated to be 0.28 mm. Since the spring shape will be weaker than a 
completely solid diaphragm, we also calculated the required thickness of our spring de-
sign to deliver 8 N, which was 1.12 mm. Based on these values, we tested three different 
thicknesses of the spring, summarized in Table 8.3: one with the same thickness as a com-
pletely solid diaphragm (Z0.28), one with the calculated thickness to deliver 8 N (Z1.12), 
and one with double this thickness (Z2.24).

Results
For the spring diaphragms, only the tests for the cutting speed, both forward and back-
ward, and the backward cutting force were repeated. Table 8.4 summarizes the results of 
these tests. 

Table 8.4 and Figure 8.11a illustrate that the thicker springs show a higher backward 
force at 0.8 mm displacement. However, the results do not correspond with the FEM cal-
culations. The Z1.12 design was expected to show a force of 8 N, but instead shows only 4 
N. The Z0.28 prototypes show a large deviation between tests, which could indicate that 
the prototypes were not printed fully airtight. The Z2.28 prototype is the only design that 
can fulfil the requirement of 8 N. The results show that a thicker spring leads to a higher 
spring coefficient, however this does not scale linearly. 

For the forward speed, the fastest response times for the entire 0.8 mm displacement 
are given in Table 8.4. The Z0.28 prototype did not reach an extension of 0.8 mm before 
breaking. For the Z1.12 and Z2.24 prototypes, only one test could be performed before 

Table 8.3: Properties of the ortho-planar spring designs used in the second test round.

Name Thickness spring
Material

spring

Thickness 

membrane

Material 

membrane

Z0.28 0.28 mm 100% Vero 0.50 mm 100% Agilus30

Z1.12 1.12 mm 100% Vero 0.50 mm 100% Agilus30

Z2.24 2.24 mm 100% Vero 0.50 mm 100% Agilus30
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the prototypes broke, at pressures of 270 Pa and 600 Pa respectively. For the backward 
motion, the speed for the entire 0.8 mm could only be measured for the Z1.12 prototypes, 
since the other prototypes were not able to make the entire displacement due to breakage 
or plastic deformation. In general, the results from the cutting speed test show extreme-
ly large deviations between the results, more than was seen with the digital material dia-
phragms. 

Figure 8.11b gives an example of the time-displacement graph of the Z1.12 design of 
the entire movement of the diaphragm, in which the forward motion is a result from the 
applied pressure, and the backward motion is a result of the spring force of the diaphragm. 
The initial forward displacement as a result of the pressure up to approximately 0.7 mm 
happens rapidly, after which the speed stagnates for the final 0.1 mm displacement. An 
explanation for this might be viscoelastic creep within the material [33]. Comparable 
curves are obtained for all prototypes. Examining these curves shows that within the first 
0.4 mm of the forward motion, all prototypes exhibit linear behavior and are able to reach 
a displacement of 0.4 mm within 0.01 seconds. The fastest response times are given in 
Table 8.5. 

Similarly, the initial backward response of the diaphragm as a result of the spring force 
of the diaphragm happens rapidly, with a stagnation in response time at around 0.2 mm. 
Table 8.5 shows the fastest backward response times for the displacement between 0.6 
mm and 0.2 mm. Although these responses are significantly faster than for the entire 0.8 
mm displacement, the results show that increasing the stiffness of the spring does not 
increase the backward speed of the mechanism. 

8.4 DISCUSSION 

8.4.1 Production
The goal of this study was to explore the possibility of creating a non-assembly vitrec-
tome mechanism that is able to fulfil the specific requirements of the vitrectome. We 
have presented a design that was in theory non-assembly, however in practice required 
some assembly steps due to the chosen AM technology and the need to include off-the-
shelf knives. Without any assembly steps, the post-processing time would increase due to 
the difficulty of removing the support material, placing the knifes, and the need to seal 
multiple drainage holes after cleaning. The division into two parts using screw thread 
makes it easier to remove all the support material and to attach the knives, resulting in a 
shorter total production time. Since the screw thread is integrated into the printed part, 
the assembly is easy and straightforward, and no specific alignment of parts is required. 
The screw thread is located in the part of the vitrectome that is at atmospheric pressure, 
therefore the air tightness of the connection is not of concern. For these type of designs, 
we suggest that rather than focusing on eliminating assembly altogether, the focus should 
be on creating ‘smart’ assembly solutions, which can reduce the overall production time 
and simplify the production process [34].  Future developments in AM technology, for in-
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stance in the area of printing truly different materials, such as combinations of polymers 
and metals, could lead to better applicability of completely non-assembly designs. 

The advantage of the PolyJet process is the ability to print with multiple materials 
in the same printing step, which provides opportunities for miniature, complex mecha-
nisms, where there is less design space to influence the material behavior by geometry. 

Figure 8.11: Results from the spring-reinforced diaphragm tests. a) The force displacement curves for the 
three different prototypes: Z0.28 (left), Z1.12 (middle), Z2.24 (right). Note the different scaling of the y-axis. b) 
Example of a time-displacement curve for the Z1.12 prototype at 250 Pa pressure.

Table 8.5: Fastest response times obtained for half of the 0.8 mm displacement.

Name
Fastest response between 0 

and 0.4 mm forward (n=1)

Fastest response between 0.6 

and 0.2 mm backward (n=1)

Z0.28 0.0019 s 0.4 s

Z1.12 0.0070 s 5.4 s

Z2.24 0.0056 s 2.5 s

Table 8.4: Results of the spring diaphragm tests, showing the backward cutting force, spring coefficient, 
fastest forward response for 0.8 mm displacement, and fastest backward response for 0.8 mm displacement. 
If no values are given, the prototypes were unable to fulfill the entire 0.8 mm displacement due to leakages 
occurring before the test could be completed.

Name
Backward cut-

ting force (n=3)

Spring coeffi-

cient (n=3)

Fastest for-

ward response 

0.8 mm (n=1)

Fastest back-

ward response 

0.8 mm (n=1)

Z0.28 0.48 ±0.48 N 0.6 ±0.60 N/mm - -

Z1.12 4.00 ±0.25 N 5.0 ±0.32 N/mm 37.7 s 47.0 s

Z2.24 11.01 ±0.49 N 13.8 ±0.61 N/mm 3.1 s -
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Unfortunately, there is limited information available on how PolyJet materials behave, 
especially considering the near-limitless design possibilities of 3D printing, and there-
fore it is hard to predict how they will respond. In addition, the challenge of creating a 
high-precision mechanism using AM is that it is difficult to control all variables in order 
to get a reproducible result, as was evidenced by the breakage of multiple prototypes. This 
means still a lot of research is needed to be able to produce these kinds of mechanisms 
consistently and reliably. 

8.4.2 Performance

Cutting force
The initial tests with the digital material diaphragms showed that a forward force of at 
least 8 N can be created by the mechanism. The force was shown to be linearly related 
to the applied pressure. In theory, a higher cutting force can be obtained by means of a 
higher pressure, as long as the diaphragms are able to withstand this pressure. To obtain 
the required backward cutting force, a higher stiffness of the diaphragm is necessary, as 
was illustrated by both the digital material diaphragms and spring diaphragms. A higher 
percentage of Vero increases the stiffness of the mechanism for the digital material dia-
phragms, however, the stiffness of the mechanism does not increase linearly with the per-
centage of Vero. To obtain the required backward cutting force with the tested dimensions 
of the diaphragm, a material mixture of minimally 80% Vero is required. For the spring 
diaphragms, a thicker spring results in a stiffer diaphragm, although again this does not 
increase linearly. The spring diaphragm with a thickness of 2.24 mm showed a higher 
backward force than the stiffest digital material diaphragm with similar thickness, indi-
cating that the used material has a significant influence on the backward force. 

Cutting speed
The cutting speed of the mechanism still poses a challenge. For the digital material di-
aphragms, the most flexible prototypes were more responsive for both the forward and 
backward motion than the medium or stiff prototypes. The time it took for each of the 
prototypes to reach a forward displacement of 0.8 mm depends on the applied air pressure, 
however the diaphragms failed before a high enough pressure could be applied to reach 
the required response time. The stiffer prototypes required a higher pressure to move the 
carrier forward than the flexible prototypes. However, this did not result in a faster re-
sponse time than the flexible prototypes, in both forward and backward directions they 
were slower. Therefore, it can be concluded that the Vero material has a negative influence 
on the movement speed of the mechanism. Although even the flexible prototypes were al-
most 15 times too slow as compared to the desired cutting speed, the stiff prototypes were 
75 times too slow. The spring diaphragms performed worse in general. The forward speed 
was slower than for the digital material diaphragms. This was partially caused by the fra-
gility of the spring diaphragms, therefore less pressure could be applied before the proto-
types broke. We saw no improvements in backward time, and multiple spring prototypes 
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were not able to displace the entire 0.8 mm, due to breakage or permanent deformation. 
When examining the motion of the spring diaphragms further, it was noticeable that 

the last 0.2 mm of each movement contributed significantly more to the total cutting 
speed than the first part of the movement. When omitting the first and last 0.2 mm, a 
more realistic approximation of the speed of the mechanism is obtained. For the first 0.4 
mm forward motion, the required time for this motion was lower than 0.01 seconds. A 
similar effect was seen for the backward response, although this still remains too slow to 
obtain the desired cutting speed. The test results show no clear relation between the thick-
ness of the spring and the backward speed, since the fastest response was obtained by the 
thinnest spring. Regardless, these results indicate that there is potential to improve the 
cutting speed by allowing the mechanism a longer stroke length. More tests are necessary 
to investigate this effect and determine an appropriate stroke length. Once the required 
cutting speed is met, high-speed durability tests have to be carried out to investigate how 
long our 3D printed mechanism will last as compared to conventional vitrectome designs

Materials and design
The viscoelastic behavior of the printing materials is clearly visible in the response times 
of the prototypes. Contradictory to our expectations, the stiffer diaphragm designs did 
not show a faster response, both when a stiffer material mixture was applied and when 
a thicker diaphragm was applied. It appears that Vero exhibits more hysteresis than Agi-
lus30, which is visible in Figure 8.9d. This leads to two contradictory requirements: a stiff-
er diaphragm is necessary to obtain the required backward cutting force, however the stiff 
diaphragms show a poor response time and cannot obtain the desired cutting speed. The 
influence of the material properties of the PolyJet materials on the requirements cannot 
be disregarded, and cannot be solved by design alterations alone. This illustrates that for 
precision mechanisms produced using PolyJet, more research is necessary into the re-
sponse of these materials [33].

Between the two diaphragm designs, it seems that the digital material diaphragms 
performed somewhat better than the spring designs. The separation of the different func-
tions of the large diaphragm does not appear to provide a benefit in the performance of 
the mechanism. FEM calculations were not able to predict the behavior of the springs, 
therefore we can assume that other forces are at play within the material, or that the in-
fluence of the flexible membrane changes the behavior of the system. Another effect that 
might be at play is the connection between the flexible membrane and the rigid materi-
al of the spring, which could result in shear forces. The digital material prototypes were 
more robust and could withstand multiple rounds of testing, however it should be tested 
whether they are able to withstand repeated cycles during actual use. 

As an alternative to 3D printing in resins, metal 3D printing could also be interesting 
to investigate. Although manufacturing the flexible diaphragms out of metal could po-
tentially solve our issues with viscoelasticity, 3D printing in metal could also result in new 
challenges related to printability, surface roughness, brittleness and resolution, leading to 
relatively high required wall thickness and too high stiffness.



162

8. A HIGH-PRECISION VITRECTOME FOR EYE SURGERY

8

8.4.3 Limitations of the tests
Breakage of the prototypes may have limited the accuracy of the test results. A leak was 
only noted after the diaphragm completely broke or the diaphragm could not be moved 
forward sufficiently by pressure. Therefore, it is possible that a small leak in the dia-
phragm was present during testing, which might have influenced the speed of the forward 
motion. In addition, it was possible for the ortho-planar springs to break without leakage 
of the flexible membrane, which could only be noticed by visual inspection after perform-
ing the tests, without knowing at which point the breakage occurred. 

The test setup only examined one single forward and backward motion. This does not 
match the behavior of the actual vitrectome during use. During the tests with air pressure, 
the pressure was applied until a complete extension was reached. In an actual use scenario, 
the external pressure supply system will give multiple short pressure pulses in short suc-
cession. This means that at the same pressure level, the diaphragm might not completely 
extend. Moreover, it is likely that the 3D printed mechanism will not have returned to 
its start position before the next pulse is given. More testing is necessary to determine 
the response of the mechanism in a more realistic use scenario, as well as to examine the 
influence of the time dependency of the materials in this scenario. 

The time dependency and viscoelasticity of the materials could also have influenced 
the test results. Since for each different prototype a new baseline pressure had to be deter-
mined, relaxation effects could have occurred caused by the initial extension of the dia-
phragm. In addition, the duration of the tests differed per prototype, since the diaphragms 
were pressed forward until an extension of 0.8 mm was obtained, regardless of the time it 
took. These effects could also have occurred due to previous tests performed with the same 
prototype. Although we attempted to use new prototypes for each test, this was not always 
possible due to breakage of the prototypes. These effects could account for the deviations 
between the results of some of the tests. The inaccuracies of the tests also partly reflect the 
main problem of producing this design using PolyJet, showing fast breakage and a lack of 
consistency between prototypes. 

8.4.4 Future design directions
In the experiments, we have seen that the closer the displacement is to the zero-position 
of the diaphragm, the slower the movement of the diaphragm. We hypothesize that by 
shifting the displacement away from the zero-position by applying a pre-tension, we can 
obtain a faster return stroke. This way, the translation of the diaphragm will take place 
from for instance 0.2 mm to 1.0 mm, instead of from 0.0 mm to 0.8 mm. To accomplish 
this, a pre-displacement can be applied to the diaphragm in a mechanical or pneumatic 
way. Mechanically this can be accomplished by integrating a ‘pillar’ in the top half of the 
vitrectome body, which during assembly of the screw thread will displace the carrier by a 
predetermined amount. An integrated 3D printed helical spring could serve both as dis-
placement as well as aid in the backward motion, and could therefore be a promising direc-
tion to explore further. Although preliminary tests showed that applying a pre-displace-
ment has a positive effect on the backward response time, it may also reduce the lifespan 
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of the diaphragm. More extensive testing should find an optimum balance between re-
sponse time and lifespan. In addition, the effect of creep of this solution will need to be 
examined, as this may reduce the effect of the pre-tension over time. 

It is clear that the presence of the Vero material, although it has a higher stiffness, 
slows the response time. An alternative could be to only use the flexible material Agilus30 
for the diaphragm, with a larger thickness to provide the necessary stiffness. However, 
this type of diaphragm runs the risk of having a short lifespan due to tensile stresses in 
the material [35]. Alternatively, a corrugated diaphragm design could be tested. Due to 
the limitations to the size of the vitrectome, it would be necessary to obtain a lower wall 
thickness to create corrugations within the available space in the vitrectome body. In ad-
dition, the proper material mixture for this type of design should be investigated. Both 
diaphragm designs that were tested in this research have a cross-section with a constant 
thickness, however a variable thickness for the diaphragm can also be implemented. The 
largest deflection should be at the center of the diaphragm, and the smallest deflection on 
the edges, therefore a variable thickness with the highest thickness on the edges could be 
investigated to adjust the stiffness of the diaphragm. 

To circumvent the slow backward response of the diaphragm, an alternative design can 
be created that functions with dual air pulses: one for the forward motion and one for the 
backward motion. This would require an additional air chamber, with flexible seal, as well 
as an additional air inlet. Vitrectomes based on this mechanical principle are already on 
the market. Although mechanically this would seem the most simple solution, this would 
complicate fabrication due to the additional air chambers from which support material 
needs to be removed. However, the performance of such a mechanism relies less on the 
spring characteristics of a 3D printed diaphragm than the current design, and therefore 
this could be a promising direction to further explore.

The outcomes of our research show the pros and cons of using 3D printing for 
fine-mechanical medical devices. We introduced a design methodology that can be used 
as a guideline for 3D printing of springs for various medical and industrial applications. 
Furthermore we have explored possibilities for minimal-assembly 3D printing principles 
to circumvent challenges with tight tolerances and for dealing with support material in 
small internal cavities. Although there are still challenges to overcome, these are impor-
tant steps towards real-life implementation of functional 3D printed devices in medicine.

8.5 CONCLUSION
In this study, we explored the possibility of creating a non-assembly vitrectome mech-
anism for eye surgery. The pneumatically actuated dual diaphragm mechanism that we 
proposed to generate the linear motion required for this mechanism, was successfully 
produced using multi-material PolyJet printing. To more efficiently produce the design, 
we considered the characteristics of the AM process by including features that allow the 
removal of support material, such as drainage holes and a screw connection. Although 
this adds an assembly step to the design, it provides access to remove and reduce support 
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material and therefore decreases the total production time, therefore we preferred these 
‘smart assembly’ solutions over non-assembly. The two design directions for the dual di-
aphragm mechanism that were explored showed that the mechanism shows promise in 
terms of displacement and cutting force, although the cutting speed requirement could 
not be fulfilled. The viscoelastic properties of the materials influence the performance 
of the mechanism, which cannot be overcome by redesigning the diaphragms alone. The 
requirement of high stiffness for a suitable backward force leads to a contradictory, low 
speed response in the diaphragms. More research is needed to optimize the design for the 
required cutting speed. 
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NON-ASSEMBLY 3D PRINTING: 
STEERABLE METAL GRASPER

Metal additive manufacturing is a promising technology for the production of functional 
medical products, due to its high shape complexity and resolution, and ability to with-
stand sterilization temperatures. This study explores the possibility of designing a com-
pletely non-assembly steerable surgical instrument using Selective Laser Melting. Despite 
its advantages for medical devices, the rough surface quality of unfinished parts can be 
problematic for non-assembly designs, leading to increased friction and wear in rigid 
body mechanisms and tendon-actuated mechanisms. We investigated printing of rolling 
contact joints with crossed flexures as low-friction joints, adjusted for printing in titani-
um for the design of the instrument. Grid-based lattice structures were incorporated as 
miniature flexures, and we explored the influence of various grid sizes on the flexibility 
and bending stiffness of the lattices. Based on this exploration, we altered the rolling joint 
configuration from two crossed flexures to a single straight flexure for our design. The 
resulting steerable surgical instrument design is completely non-assembly, including its 
actuation, facilitates easy removal of support structures, and requires no surface finish-
ing steps. It has a diameter of less than 20 mm, facilitates opening and closing of a grasper, 
and steering of the grasper by 20 degrees.

Published as:
K. Lussenburg, R. van Starkenburg, A. Sakes, P. Breedveld, 3D printer-driven design of a non-as-
sembly titanium surgical instrument using compliant lattice flexures, Materials & Design 240 
(2024). 
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9.1 INTRODUCTION

9.1.1 Additive manufacturing
Additive manufacturing (AM) or 3D printing has emerged as a promising technology 
for the production of functional, medical products. It has been applied in a number of 
medical fields, among which personalized implants, anatomical models, surgical guides, 
prostheses, and surgical instruments [1]. 3D printed medical products can reduce surgical 
time and improve medical outcome [2]. The ability to create highly complex parts makes 
it possible to create personalized medical products for both patient and surgeon, as well 
as for advanced functionalities in terms of usability. In addition, AM enables the crea-
tion of non-assembly designs, which are functional mechanisms that can be produced in 
a single production step [3]. Non-assembly designs have some advantages over tradition-
al assembly-based designs, as they reduce the processing time and costs, and allow for an 
increase in complexity of the design. In the medical field, non-assembly designs enable 
the creation of increasingly complex devices that can facilitate a wide range of complex 
operations. 

The most widely utilized AM technologies in the medical domain are those that use 
polymers as a base material [1]. While many polymer-based AM technologies have been 
explored for medical designs, these materials are often challenging to sterilize and often 
suffer from poor mechanical properties. Therefore, for some medical applications, metals 
are preferred over polymers, because of their high stiffness, biocompatibility, and ability 
to withstand high temperatures during the sterilization process [4]. Metal AM processes, 
described by the umbrella term Selective Laser Melting (SLM), allow for the production of 
components with a high shape complexity and resolution. This makes the process ideal for 
the production of medical and surgical instruments, which can benefit from the advan-
tages of SLM to produce complex, personalized instruments at lower costs as compared to 
conventional manufacturing for small batch sizes [5]. So far, medical applications of SLM 
include customized implants [6,7], surgical guides [8], forceps [9,10], surgical clamps [11], 
grasper jaws [12,13] and (parts of) steerable surgical instruments [5,14,15]. 

Although SLM shows many advantages for the production of medical devices, unfin-
ished parts have a rough surface quality that can be problematic for use in non-assembly 
designs. Especially in mechanisms with interacting surfaces, such as rigid body joints and 
mechanisms actuated by tendons, a rough surface finish increases friction and wear and 
can hinder the operation of the mechanism [16]. The influence of a rough surface finish 
is even more noticeable for small or miniaturized parts, where geometrical feature sizes 
are only a few times larger than the size of the metal particles. One way to improve the 
surface quality of SLM parts is by employing industrial surface finishing techniques, 
such as grinding or mechanical polishing [17,18]. However, in non-assembly designs me-
chanical surfaces are often inaccessible by these techniques, since the designs cannot be 
disassembled to allow for easy access to the inner geometry [19]. Thus, while SLM-based 
non-assembly designs may reduce production time and costs, the complex post-process-
ing required can offset these gains. 
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9.1.2 Steerable surgical instruments
Medical non-assembly mechanisms are particularly promising for the production of in-
struments with steerable end-effectors. Current surgical practices have seen a shift from 
open surgery to minimally invasive surgery (MIS), in which only three small incisions are 
required instead of one large incision. Conventional surgical instruments, consisting of a 
handle, straight shaft, and rigid end-effector, severely reduce the dexterity of the surgeon 
in MIS, due to restrictions posed by the small incision size. In response, steerable end-ef-
fectors have been developed [20–24], which provide the surgeon with additional degrees 
of freedom (DOF), without sacrificing the advantages of small incision sizes. Steerable 
instruments usually consist of many small, complex parts that provide the end-effector 
with the additional DOF. Non-assembly AM is a promising approach to increase the speed 
and ease of production of these miniature devices.

Steerable end-effectors usually rely on tendon-actuation, which is a cheap and effi-
cient choice, since tendons require little space and can be easily embedded in various de-
signs due to their high tensile strength and flexibility. However, in non-assembly designs, 
tendons have to be inserted into the designs after printing, since current AM technolo-
gies are less suited to 3D print long, thin, flexible structures with a high tensile strength. 
Accurately inserting tendons in a 3D printed device can be a considerably lengthy task 
that usually has to be performed manually [20]. Furthermore, it has proven difficult to 
precisely 3D print hollow small diameter channels through which the tendons are guid-
ed, due to the risk of them fusing shut, which hinders miniaturization of the instrument 
[21,25]. In the case of SLM, friction between the tendons and the rough surface of internal 
geometries inaccessible to surface finishing techniques can lead to premature failure of 
the tendons. 

In this work, we describe the design and 3D print process for a steerable surgical in-
strument made of titanium, specifically tailored for the SLM process. Given the extensive 
design possibilities afforded by AM, which often can be challenging to implement and 
exploit, our approach involved a thorough analysis of the boundaries of the SLM process. 
This analysis allowed us to incorporate process-specific guidelines from the start, rath-
er than after the conceptual design phase, establishing a framework we categorize as a 
3D printer-driven design process. The resultant instrument design, which is completely 
non-assembly, including its actuation, facilitates easy removal of support structures and 
requires no surface finishing steps. As the instrument design was driven by the specifica-
tions of the SLM process, our design decisions were driven by the process specifications 
and design guidelines. 

9.2 MATERIALS AND METHODS

9.2.1 Instrument requirements
Our main goal was to design a steerable instrument that does not require any assembly 
steps and a minimal number of post-processing steps. We define an assembly step as at-



170

9. A NON-ASSEMBLY STEERABLE SURGICAL INSTRUMENT 

9

taching two or more separate parts to each other by any means. The instrument has the 
following requirements: 

1. Actuation: The actuation system of the instrument is completely 3D printed. 
2. Post-processing: The only post-processing that we allowed is the unavoidable re-

moval of the support structures.
3. Friction: Considering the rough surface of SLM parts, the instrument contains no 

sliding surfaces and is preferably entirely frictionless. 
4. Dimensions: The maximum diameter of the instrument shaft is 20 mm. Although 

this is large considering the size of current surgical instruments, which typically 
have a diameter less than 8 mm, it will give us more design freedom in this explor-
atory design without being hindered by SLM size limitations. 

5. Functionality: The instrument should contain a grasper that can be opened with a 
maximum opening angle of 60˚, and that can be steered by an angle of at least 45˚ 
with one DOF (planar bending). 

6. Material: The instrument will be printed in titanium, because of its high stiffness 
and biocompatibility. 

9.2.2 SLM design guidelines 
The SLM process uses a thin layer of metal powder deposited for each layer, which is sin-
tered by means of a focused laser beam. In this study, the SLM printer used is the Lasert-
ec 30 SLM 2nd Gen (DMG Mori, Bielefeld, Germany), with a laser spot size of 73 micron 
and 600 W laser unit. The metal powder used is Ti6Al4V grade 23 (Carpenter Additive, 
Widnes, United Kingdom). In addition to the requirements for the instrument, we com-
prised an inventory of design guidelines for SLM. The following list was drawn up from 
literature as well as from preliminary experiments with the used SLM printer. It should be 
noted that these values can differ depending on the specific 3D printer used, and that they 
are often conservative estimates to ensure the successful printability of the part. 

1. Support structures: Supports are required to anchor the workpiece to the base plate, 
for heat dissipation, and to reduce residual stresses [26]. Supports that are placed 
on flat surfaces reduce the complexity of support removal and result in a better 
surface finish than when removing them from a curved surface [26]. 

2. Overhang: To prevent the use of supports, features can be designed as ‘self-support-
ing’ when they have an overhang of less than 45˚ with respect to the build plate. 

3. Clearance: Clearances between adjacent parts should be between 120 µm and 150 
µm to prevent fusing of parts, depending on part orientation [27]. The same mini-
mum size should be used for holes or channels. 

4. Wall thickness: The reported minimum thickness of a solid, thin wall is approxi-
mately 0.4 mm for SLM [15,28], although for the 3D printer used in this study the 
minimum wall thickness that could be obtained was 0.55 mm. 

5. Volume gradients: The high thermal gradient of the metal powder can cause parts 
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to warp or distort. Therefore, sudden increases in part volume should be avoided, 
to prevent small features from experiencing warpage or a modification in mechan-
ical properties due to the radiant heat of the large volume. 

9.2.3 Low friction joint design
Some studies have successfully 3D printed non-assembly rigid body joints using SLM 
[27,29–31], however they require a relatively large clearance between the parts when 
printed in a pre-assembled position to prevent them from fusing [29]. This can hinder de-
sign scalability and miniaturization, and can result in excessive play when applied in a 
steerable mechanism. In addition, the functioning of rigid body joints can be hindered by 
friction from the rough surface finish of SLM. Therefore, the use of rigid body joints was 
excluded in our design, because these rely on sliding surfaces.

Rolling joints are examples of joints with low sliding friction, which do not require 
smooth polished surfaces. They consist of two bodies that are constrained by two or more 
flexures in a cross-linked configuration and roll over each other (Figure 9.1a-b) [32–35]. 
The flexures allow the bodies of the joint to rotate with respect to each other without slip-
ping, and as such, a low stiffness of the flexures is desired. Advantages of rolling joints are 
strongly reduced friction and wear on parts, large displacements, and no need for lubrica-
tion [32,33]. 

A number of steerable surgical instrument designs have incorporated rolling joints 
[34,36–38]. Jeanneau et al. [32] and Zhang et al. [36] 3D printed rolling joints using materi-
al extrusion and selective laser sintering, respectively. In both cases the joint was printed 
with the flexures in a curved configuration, as shown in Figure 9.1a, which means there 
is no stress in the flexures in the straight position [32]. However, in order to prevent fus-
ing of the flexures to the joint body during printing, a gap had to be established between 
the flexures and the body, leading to backlash in the design [32]. Alternatively, the flex-
ures can be printed in a straight configuration (Figure 9.1c), as proposed by Halverson et 
al. [33]. This reduces the need for a gap, although the joint then needs to be placed in its 
curved position by means of an extra production step.

 

Figure 9.1: Rolling joint with the two different flexures indicated in green and red. a) 3-dimensional view 
of a rolling joint. b) Side view of the rolling joint in neutral position and in bent configuration. c) Unfolded 
rolling joint with flexures in a straight position, the arrows indicate the folding direction. 
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9.2.4 3D printing of flexures
A rolling joint requires compliant flexures with a low stiffness. The stiffness of the flex-
ures is limited by the minimum wall thickness that can be printed, which in our case is ap-
proximately 0.55 mm, resulting in rigid walls unsuitable for flexures. The wall thickness 
is affected by the underlying laser scan modes performed by the printer [39]. Different 
laser scan modes are used for different parts of the layer, i.e. the outer contour and the 
interior region, and settings can be adjusted accordingly. In Figure 9.2a-b, the different 
laser scan modes for thick and thin walls are illustrated. For a thick wall (Figure 9.2a), the 
laser first fills the interior region of the layer with a parallel hatch pattern, after which the 
outer contour is scanned with a single line. Since the melt pool of the laser is larger than 
the laser spot itself, the laser moves with an offset from the designed wall. For a thin wall 
(Figure 9.2b), the laser only follows the contour of the wall, however, since there is not 
enough space to have the required offset, the melt pool of the laser spot will increase the 
wall thickness [40]. The influence of the melt pool can be controlled to a certain amount by 
parameters such as the scanning speed and laser wattage [39], however these settings also 
affect the print quality. As such, reducing the wall thickness is in practice not feasible due 
to the internal printer settings. 

Another way to decrease the wall stiffness is by using lattice structures, as recent stud-
ies have shown [41–44]. Advantages of lattice flexures are a reduced bending stiffness, a 
significantly lower mass, and good off-axis stiffness [41]. The SLM printer used in this 
study has a special slicing mode in the software for lattice structures. Using the lattice 

Figure 9.2: Schematic overview of the different laser scan modes available for the 3D printer used in this 
study, in which t is the designed thickness of the wall and tprinted the actual thickness of the printed wall. a) 
For a thick wall, the laser fills the interior region with a pattern called hatch, after which it follows the outer 
contour with an offset, resulting in a wall thickness similar to the designed wall. b) For a thin wall, only the 
contour is followed by the laser, which results in a wall thickness larger than designed due to the size of the 
laser melt pool. c) For a lattice wall, the laser only prints one point at a time. 
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mode, the laser prints one voxel at a time, as illustrated in Figure 9.2c, and only passes over 
the wall once. In this mode, the design of the lattice is completely 2-dimensional, there-
fore the thickness of the structure is purely determined by the laser spot size and printer 
settings. To develop the instrument, we further explored the possibility of using rolling 
joints in combination with lattice flexures. 

9.2.5 Test parts

Lattice flexures
First, we explored the potential of 3D printed lattice flexures with different structures and 
lengths. The limitations of lattice mode are that the lattices can only be printed straight 
and perpendicular to the build plate, along the z-axis. We designed test parts as shown in 
Figure 9.3a, consisting of a solid wall of 10 mm z-height and 1 mm thickness, interrupt-
ed by lattices with lengths of 10 mm and 25 mm. The lattices consist of a 2-dimensional 
grid, with cell sizes of 1 x 1 mm (L-1), 0.75 x 0.75 mm (L-0.75), 0.5 x 0.5 mm (L-0.5), 0.25 x 
0.25 mm (L-0.25), and 0.05 x 0.05 mm (L-0.05) (not pictured). The lattices are constructed 
within the software of the SLM printer as dimensionless vectors based on an elementary 
cell. To define the cell, first, a cube is defined with x, y, and z values corresponding to the 
desired lattice grid size. For the first line a start point is defined at X0-Y0.5-Z0 and an end 
point at X1-Y0.5-Z1 (AB in Figure 9.3b), for the second line the start point is defined as 
X0-Y0.5-Z0 and the end point as X1-Y0.5-Z1 (CD in Figure 9.3b), together defining one 
cell of the grid. The software divides the vectors from start to finish in voxels, correspond-
ing to one voxel per layer height. As such, the lattices are theoretically designed with no 
thickness, while in practice the thickness of the lattice will approach the size of the laser 
spot, including its melt pool, and be circular in shape. Since all the struts of the grid have 
an overhang angle of 45˚, they can be printed without requiring support structures. Each 
of the grid sizes was printed five times, resulting in a total of 25 test parts.

Figure 9.3: Design of lattice test parts. a) Full test part, with lattice grid sizes of 1 x 1, 0.75 x 0.75, 0.5 x 0.5, 
0.25 x 0.25 and 0.05 x 0.05 mm (not pictured). b) One lattice cell as designed in the software of the SLM printer, 
consisting of two dimensionless vectors AB and CD.
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Rolling joint
We explored the feasibility of printing rolling joints with lattice flexures, by testing two 
design variables: the size of the joint and the structure of the lattice. The joints were print-
ed in two halves with straight flexures, according to Figure 9.1c. We introduced positive 
and negative form closures on the joint body to connect the bodies, as shown in Figure 
9.4a-b. The joints were designed with a diameter d of 10 mm, 7.5 mm, and 5 mm, with a 
z-height of 5 mm, 3.75 mm, and 2.5 mm respectively. The length of the flexure is directly 
related to the joint size by , in which c is a clearance of 0.15 mm. All three sizes of 
the joints were printed with four lattice structures: L-1, L-0.75, L-0.5, and L-0.25 (12 full 
joints). In total three batches of joints were printed, resulting in a total of 36 full joints. In 
between the batches, the results were analyzed and revised where necessary. 

9.2.6 Production 
The used parameters of the SLM process are summarized in Table 9.1. All test parts were 
positioned with the lattices perpendicular to the movement of the wiper, and in parallel 
with the argon flow.

Supports were removed using wire electrical discharge machining (wire EDM) (Fanuc, 
Oshino, Yamanashi, Japan) with 0.25 mm brass wire. Wire EDM can efficiently remove 

Layer height 50 µm 

Scanning 

speed (mm/s)

Laser Pow-

er (Watt)

Hatch dis-

tance (mm)

Offset dis-

tance (mm)

Hatch 742 219 0.11 0.1

Contour 408 120 - 0.05

Lattice 1000 140 - 0

Table 9.1: Process parameters used in this study. 

Figure 9.4:  Design of the rolling contact joint in its unfolded configuration. a) CAD model of the two 
joints showing the positive and negative form closure. b) Assembly of the positive and negative part. c) Side 
view of the joint with parameters, in which d is the diameter of the joint, t is the thickness of the lattice, and c 
is a clearance.
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support structures in a straight line parallel to the build plate on the underside of the part 
in a single step, as long as all features are at the same distance from the build plate. The 
joints were positioned on the build plate with the form closures on top, so that supports 
on the bottom could easily be removed in a straight line. The joints were assembled by 
pushing the two joint bodies towards each other, thereby forcing the lattice to follow the 
radius of the body, and connecting the two halves by means of the form closure, as shown 
in Figure 9.4b. Only one batch of the joints received a stress relief heat treatment at 850°C 
for 2 hours, after which the parts were cooled at room temperature. 

9.2.7 Characterization

Dimensional accuracy
The wall thickness of the printed lattice flexures was measured using digital calipers, 
based on three measurements along the length of the flexure. The geometry and the strut 
sizes of the lattices were examined under a digital microscope (Dino-Lite 3.0, AnMo Elec-
tronics Corporation, Taiwan). We determined the theoretical and actual porosity of the 
lattices by isolating the 25 mm long lattice from the test parts after performing the other 
tests. Three lattices of each grid size were weighted on a calibrated scale, which was then 
divided by three to obtain their individual mass. For the theoretical porosity of the lat-
tices, CAD-models of the structures were drawn in Solidworks (Dassault Systèmes, Paris, 
France), using a uniform strut diameter of 0.20 mm, and the mass of the structures was 
determined using the Mass Properties feature.

Bending performance
The lattice test parts were used to examine the bending stiffness of the different lattice 
structures, by measuring the deflection as a result of a calibrated force. Weights of 5 g, 

Figure 9.5: Set-up used to test the deflection of the flexures. The set-up shows one of the 25 mm lattices 
without weights. Only one side of the test part was tested at a time, to test the 10 mm flexure, the test part was 
reversed in the clamp.   
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10 g, 15 g, 20 g, 30 g, 40 g, 50 g, 60 g, 80 g, and 100 g were attached to both ends of the 
test parts subsequently while securing the middle part. The slope of the deflection of the 
lattice flexures was then measured using the digital microscope. The test setup is shown in 
Figure 9.5. The test was repeated three times, using new test parts for each measurement. 

When applied in the rolling joint, the lattice flexures should have a bending radius 
that corresponds to the diameter of the joint, i.e. 5 mm, 7.5 mm, or 10 mm. The bend-
ing radius of the lattices was evaluated by curving them over the joint body, if they were 
able to lay flat across the surface the bending radius suffices. After assembling the joint 
halves, the bending angle of the joints was evaluated. According to Requirement 5 in Sec-
tion 9.2.1, the instrument should have a steering angle of at least 45°, however the design 
of the rolling joints allows a 90° bending angle in both directions. Therefore, we tested the 
rolling joints by manually bending them up to a 90° angle in both directions. We consid-
ered the joints successful if they were able to be assembled and bent without breaking and 
withstood bending at least 100 times. 

9.3 RESULTS 

9.3.1 Flexures
All 25 lattice test parts printed successfully, however some broke during the removal with 
wire EDM. From observations we found that the lattices started to vibrate as a result of the 
wire EDM process, which led to a fracture originating from a small print defect. There-
fore, only three test parts were tested per lattice structure. The 3D printed test parts are 
shown in Figure 9.6a, along with microscope images of the different lattice structures 
(Figure 9.6b-f). The microscope images show that L-1, L-0.75 and L-0.5 have a fairly regu-
lar pattern, whereas the more dense L-0.25 and L-0.05 have no discernible print pattern, 
with only a few small gaps visible between the struts (light blue ‘flecks’ in Figure 9.6e-f). 

The wall thickness, strut size and weight of the lattices is given in Table 9.2. The wall 
thickness of all lattices up to L-0.25 is 0.26 mm on average, while the wall thickness of 
L-0.05 is 0.54 mm, similar to the thickness of a solid wall (0.55 mm). It is noticeable that 
although the pattern, as well as the ‘openness’, of L-0.25 and L-0.05 seems similar under 
the microscope, the wall thickness of L-0.05 is approximately twice as large. The average 

Table 9.2: Results of the dimensional measurements of the different lattice types. 

L-1 L-0.75 L-0.5 L-0.25 L-0.05

Lattice size 1 x 1 0.75 x 0.75 0.5 x 0.5 0.25 x 0.25 0.05 x 0.05

Wall thickness (mm) 0.26 0.26 0.26 0.26 0.54

Strut size (mm) (n = 4) 0.20 ± 0.01 0.23 ± 0.01 0.19 ± 0.01 - -

Theoretical porosity (g)* 0.087 0.110 0.150 0.207 0.444

Actual porosity (g)* 0.067 0.073 0.130 0.170 0.360 

*For the 25 mm lattice
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strut sizes of L-1, L-0.75, and L-0.5 are approximately 0.20 mm. For the other lattice sizes, 
no separate struts could be discerned. 

The results of the deflection test are shown in Figure 9.7a-b. As was expected, the L-1 
lattices show the lowest bending stiffness and deflect the most under the applied force. 
The 10 mm and 25 mm L-1 showed a maximum slope under a 100 g load of 74.1° and 87.6°, 
respectively. One of the 25 mm L-1 mm strips broke off at the connection points when 
applying the mass of 100 g. The L-0.75 lattices were more fragile than the L-1 lattices: all 

Figure 9.6: Results of the printed lattice flexures. a) Printed test strips. b) Close up of L-1 lattice. c) Close up 
of L-0.75 lattice. d) Close up of L-0.5 lattice. e) Close up of L-0.25 lattice. f) Close up of L-0.05 lattice.
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three of the 10 mm L-0.75 lattices broke; two at a load of 30 g and one at a load of 80 g. It 
is likely that this is due to geometrical imperfections or print defects [40], although none 
could be detected before the test. 

In Figure 9.7a-b it can be seen that the slope of the L-0.75 lattices is closer to the L-1 

Figure 9.7: Results from the deflection tests for the 10 mm flexures and 25 mm flexures. a) Slopes of the 10 
mm lattices (n=3). b) Slopes of the 25 mm lattices (n=3). c) Combined images of the deflection tests for the L-1 
lattice 10 mm (left) and 25 mm (right). d) Combined images of the deflection tests for the L-0.25 lattice 10 mm 
(left) and 25 mm (right).
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lattices than the L-0.5 lattices. There appears to be little difference in flexibility for the 
L-1 versus the L-0.75 lattices. The L-0.05 lattices show hardly any deflection, with slope 
angles of 1.6° for the 10 mm lattice and 9.5° for the 25 mm lattice. The 10 mm L-0.05 did 
not show any deflection until 80 g of load was applied. In Figure 9.7c-d the deflection of 
one L-1 and one L-0.25 is shown for both flexure lengths and all loads. L-0.25 showed 77% 
less deflection for the 10 mm and 39% less deflection for the 25 mm length as compared 
to L-1. It was noticeable that for all lattices, with the exception of L-0.05, the lattices had 
plastically deformed after removal of the 100 g load, with as much as a 9° residual bending 
angle for the 25 mm L-1. 

This test showed that the larger, less dense lattice sizes resulted in more flexibility, but 
were also more fragile and more difficult to print in a consistent manner. We observed no 
difference in lattice structure between L-0.25 and L-0.05 concerning openness or print 
quality. Nonetheless, the wall thickness of the L-0.05 lattice is twice as much as the L-0.25 
lattice, resulting in a high stiffness flexure. Therefore, lattice sizes larger than L-0.25 are 
to be recommended for our purpose. Although the lattices are somewhat fragile, most can 
withstand at least 1 N of transverse force. 

9.3.2 Rolling joints
The lattices of the joints in the batch that received the heat treatment became too brittle 
and broke off when bending. Therefore, the heat treatment was omitted for the following 
batches. In the subsequent batch, it was found that the lattices had fused to the joint body 
over a distance of approximately 1.5 mm, causing them to break at this location (Figure 
9.8a-b). Therefore, for the third batch, we altered the design to incorporate the thickness 
of the lattice into the joint, as well as a clearance, as shown in Figure 9.8c, in which d is the 
joint diameter of 5 mm, 7.5 mm, or 10 mm, t the lattice thickness of 0.26 mm, and c the 
clearance value of 0.15 mm. This design ensured that the flexure was able to lay flat across 
the surface of the body without fusing. 

During removal with wire EDM, most of the L-1 lattices broke at the attachment 
point, except for one 10 mm joint. For the remaining joints, of which a few examples are 
illustrated in Figure 9.9a, it was possible to curve the lattice over the joint body, indicating 
that the bending radius of the lattices corresponded to the joint size. However, when con-
necting the two joint parts the majority of the lattices broke at different places along the 
length of the lattice (Figure 9.9b).

The joints that were assembled successfully were the 10 mm diameter joints with L-0.5 
and L-0.25 lattice; the 7.5 mm diameter joint with L-0.5 and L-0.25 lattice; and the 5 mm 
diameter joint with L-0.25 lattice (Figure 9.9c). All of them show a slight deformation in 
the form of twisting of the joint. All five assembled joints were able to bend up to 90° in 
both directions (Figure 9.9d-e). Once assembled, the joints were stable and did not show 
signs of breakage for at least 100 times bending. A difference in stiffness was clearly no-
ticeable between the joints, the 5 mm diameter joint required more force to move than the 
larger joints, and the L-0.25 lattice required more force than the L-0.5 lattice. 

For the rolling joint, we explored two variable design parameters: the joint size and 
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Figure 9.9: 3D printed rolling contact joints. a) Single 3D printed joint halves. b) Some of the broken assem-
bled joints. c) The successfully assembled joints. d) The 10 mm L-0.5 joint illustrating a bending angle of 90°. e) 
The 5 mm L-0.25 joint illustrating a bending angle of 90°. 

Figure 9.8: One of the failed joint batches and the redesign. a) A microscope close up of one of the joints, 
showing that the lattice is partially fused to the joint body, indicated by the green circle. b) The lattice breaks 
when attempting to bend it over the joint body. c) Redesign to prevent fusing of the lattice to the joint body, in 
which the lattice with thickness t is placed more to the side of the joint and a clearance c is added.
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the lattice structure. Reducing the joint size reduces the length of the flexure, increases 
the stiffness of the flexure, and reduces the height of the joint, which reduces the number 
of attachment points of the lattice to the joint. The latter is illustrated in Figure 9.10. A 
lower number of attachment points increases the fragility of the connection. This effect 
was especially noticeable in the joints printed with the L-1 lattices, which fractured at the 
attachment of the lattice to the joint. Increasing the lattice grid size decreases the stiffness 
of the flexure, but reduces the number of attachment points. A balance between joint size 
and lattice structure must be found to produce the smallest joints with the lowest stiffness 
while maintaining a sufficiently strong connection. 

Bending radii of 10 mm, 7.5 mm, and 5 mm were feasible for all lattice grid sizes. 
However, only the stiffer lattices, L-0.5 and L-0.25, remained intact when assembling the 
joint halves. The 5 mm diameter joint was only functional with the stiffest L-0.25 lattice, 
although the resulting joint had a high bending stiffness and was therefore found unsuit-
able to apply in a steerable instrument. Since the working of the lattices seems to be op-
timal when the joints are not assembled, i.e. the lattice is not forced into a pre-tensioned 
position, in the next section for the instrument design we explore the use of single-lay-
er rolling joints with a different lattice configuration that does not require assembly or 
pre-tensioning of the flexures. 

9.4 INSTRUMENT DESIGN AND MANUFACTURE

9.4.1 Joint configuration and actuation
Actuation of the instrument without relying on cables can be implemented by for in-
stance making use of ribbons [12], thin rigid rods [45,46], or multi-linkage systems with 
rigid body joints [47,48]. As both ribbon actuation and multi-linkage systems are prone to 
sliding friction during actuation, we settled on using rigid rods to actuate the steering and 
the grasper. The schematic design and working principle of the instrument are shown in 
Figure 9.11. In this design, two pairs of rolling joints are placed next to each other with the 
flexures in a straight configuration. By applying an inwards force to the handle, the flex-

Figure 9.10: Effects of decreasing the joint size. When decreasing the size of the joint with a constant lat-
tice size, the number of attachment points from the lattice to the joint also decreases, which can lead to a frag-
ile connection. 
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ures roll over the circular joint and transfer the motion through the rigid rods to the 
grasper. The joints have been given a diameter of 5 mm, with rods of 1 mm thickness, re-
sulting in a total width of 15.5 mm. The height of the entire instrument is 5 mm, which 
gives the lattices sufficient attachment points to the joint and the shaft. The grasper is 
printed in its open position with jaws in a 30° angle. To obtain a 45° steering angle, the 
largest rotation for each grasper jaw results in a 75° rotation (Figure 9.11). The length of 
the flexure is calculated based on the arc length on the surface of the joint diameter for 
this angle, given by , which equals 3.4 mm. To ensure sufficient flexibility of 
the flexures, we increased this length to 5 mm. 

9.4.2 3D printed prototypes
The initial prototype of the design, employing L-1 lattices (Figure 9.12a), revealed two is-
sues. First, upon rotation, the stiffness of the flexures caused an outward displacement of 
the outer rods (Figure 9.12a). Second, despite the intended 1:1 motion transfer, the proto-
type’s grasper was unable to fully close. To address this, we enlarged the joints at the han-
dle from 5 mm to 7.5 mm, amplifying handle movement and ensuring complete grasper 
closure during actuation (Figure 9.12b).
To prevent the outward movement of the rods, we considered reducing the flexure stiff-
ness or mechanically securing the rods. We opted for the latter, which requires a mechan-
ical connection allowing the outer rods to move relative to each other and the inner rod. 

Figure 9.11: Working principle of the non-assembly steerable instrument, in which the flexures are indi-
cated in blue, showing the neutral position (left), closing of the grasper (middle), and steering of the grasper 
from the neutral position (right). The grey dashed lines show the position of the middle rod. 
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This connection is longitudinally flexible yet laterally rigid. To achieve this, while fulfill-
ing our requirements regarding assembly and post-processing, we implemented a linear 
compliant mechanism using lattice flexures connecting the outer rods to the inner rod. 
For small displacements, as is the case in our design, this compliant mechanism facilitates 
unidirectional motion. In addition, to reduce the stiffness of the flexures, we enhanced 
their slenderness by utilizing the instrument’s full width, which involved changing the 
rod shape from straight to ‘meandering’ (Figure 9.12b).

The adjusted design was printed two times, again with lattices of L-1 (Figure 9.13a). 
The total printing time was approximately 6 hours. When removing the prototype from 
the build plate using wire EDM, stresses within the material caused significant deforma-
tion of the grasper and handles, as shown in Figure 9.13b. This deformation caused tor-
sion of the flexures. Both prototypes functioned for a short time, as can be seen in the 
video linked by the QR code at the end of this Chapter, but after a few manipulations, 
the lattices at the grasper side failed. This time, the grasper was able to fully close (Figure 
9.13c). However, the outer rods show clear deformation towards the distal end, indicating 
they are still being forced outwards when actuating the grasper. The desired steering an-
gle of 45° of the grasper could not be obtained, no more than 20° was possible before the 
lattices started to fail.

Figure 9.12: First 3D printed prototype and design iteration. a) The 3D printed prototype in open (left) and 
closed (right) position. In the closed position it can be seen that the outer rods are pushed outwards, and that 
the grasper does not fully close. b) Adjusted design of the non-assembly instrument, in which a linear com-
pliant mechanism was added to prevent the rods from moving outwards, and the joints near the handle have 
been increased in size. The top shows the grasper in neutral position, and the bottom shows the closing of the 
grasper and deformation of the compliant flexures. 
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9.5 EVALUATION AND DISCUSSION

9.5.1 Flexures and joints
This chapter explores the possibility of designing a completely non-assembly steerable 
surgical instrument using SLM printing with titanium. Due to the rough surface finish 
of SLM printed parts, which can interfere with the motion of mechanical parts, negating 
the advantages of non-assembly instruments by requiring extensive surface treatments 

Figure 9.13: Second iteration of the 3D printed prototype. a) 3D printed prototype. b) Side view of the pro-
totype, showing clear warpage in the handle, and close ups of the warpage in the grasper as well as the torsion 
in the flexures. c) Closing of the grasper was possible with this prototype, although deformation of the outer 
rods is visible. The grasper was able to bend 20°. 
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to function, we attempted to design a low friction instrument that is not hindered by the 
rough surface finish. To do so, we explored the possibility of 3D printing compliant flex-
ures with a lattice structure, to reduce the stiffness and miniaturize the instrument. We 
succeeded in printing various lattice designs with differences in stiffness, by which we 
reduced the minimum printed wall thickness to 0.26 mm (approximately 50% of the reg-
ular minimum wall thickness), in order to achieve low stiffness flexures. We found there 
is a fine line between printability and functionality; the lattices are very sensitive to print 
parameters, factors such as the location on the build plate and total volume of the parts 
can affect the results. 

The difference in wall thickness between L-0.05 and the other lattice sizes likely stems 
from the fact that the cell size of this lattice is smaller than the laser spot size (0.05 x 0.05 
versus 0.073 mm, excluding melt pool). Since one voxel is printed for each layer height, 
which is also 0.05 mm, there is significant overlap between the printed voxels and we 
hypothesize that this increases the melt pool surrounding the voxels, resulting in an in-
creased wall thickness. We have not specifically investigated the behavior of lattices with 
grid sizes between 0.25 x 0.25 mm and 0.05 x 0.05 mm in this study, however, future stud-
ies to investigate the minimum grid size that results in a wall thickness of approximately 
0.25 mm could contribute to the knowledge and understanding of lattice flexures.

Miniaturization of the flexures results in contradictory requirements. Since the min-
imum wall thickness remains a fixed value, reducing the grid size of the lattice leads to an 
increase in stiffness. This can be solved by a reduction in material in the form of a larger 
lattice size, although this makes for an increasingly fragile flexure. This, in turn, can be 
somewhat mitigated by increasing the height of the lattice. Alternatively, the design of 
lattices with variable grid sizes, in which a denser grid is applied towards the edges to max-
imize the number of attachment points, can be explored [49].

A rolling joint is advantageous considering the fragility of the lattice structures, since 
the bending angle of the lattice is confined by the solid portion of the joint, limiting sharp 
bending angles and preventing breakage. Although we have demonstrated that it is possi-
ble to 3D print functional rolling joints in different sizes, there are some downsides mak-
ing it less feasible to apply in a non-assembly instrument. Since it is only possible to print 
the lattices in a straight configuration, they cannot be produced completely non-assem-
bly, and bending of the lattices results in significant stress. Ideally, for torsion-stiffness 
and joint stability, the joint should consist out of at least three layers of crossed flexures 
in alternating directions instead of two, making it more complicated to produce non-as-
sembly. However, for applications where size and assemblability are not of concern, the 
rolling joint can be a suitable solution for a low friction SLM joint that can be 3D printed 
in different scales. 

9.5.2 Instrument design improvements
We incorporated an alternative design of a traditional rolling joint in the steerable in-
strument, which increased compatibility with the drawn-up requirements. Although the 
instrument was functional, the lattices only lasted for a short time before breaking. The 
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main reason for this were the significant stresses present in the material that caused sub-
stantial deformation of the grasper and handle, leading to warping of the flexures. Usual-
ly, theses stresses are mitigated by applying a heat treatment immediately after printing, 
however this resulted in brittle lattices. Subsequent studies could explore the parameters 
of heat treatments to reduce stresses while maintaining lattice flexibility, as it has been 
shown that heat treatments provide the possibility of tuning the mechanical properties, 
although the relationship between different settings is not yet well understood [41]. 

The instrument design can further be improved by elongating the flexures of the roll-
ing joints, further increasing the flexibility. This might also prevent the deformation in 
the outer rods caused by the inherent bending stiffness of the flexures. At the handle side, 
the height of the joints can be raised to increase the attachment points for the lattice. In 
the prototypes in Figures 9.12-13, the length of the shaft was adjusted to the size of the 
build plate, however with a larger build plate the length can be increased. In that case, we 
suggest adding more meanders and flexures to the middle rod to retain the position of 
the outer rods. In order to miniaturize the width of the total instrument, the radius of the 
rolling joints would need to decrease, which is in practice limited by the minimum bend-
ing radius of the flexures. More research is necessary to determine this minimum radius. 
With the current lattice structure and SLM printer used in this study, we speculate that it 
is not possible to decrease the diameter more than 5 mm, unless the wall thickness of the 
lattices can be reduced further. Alternatively, the design can be adjusted so that only one 
half of the grasper is steerable, and the other half is stationary. 

It should be noted that although titanium can withstand the temperature required for 
sterilization, in practice the rough porous surface is very challenging to sterilize, can po-
tentially damage tissue, and risks leaving particles behind during the surgery. A solution 
for clinical implementation could be adding a flexible sleeve of a biocompatible material 
around the instrument. 

9.5.3 Design process
Usually in a standard design process, first a design is drawn up, after which a specific pro-
duction process is chosen and the design is adjusted to its specifications. However, in the 
case of AM, an incredible amount of design freedom can be obtained which can be diffi-
cult to comprehend for designers. In this study, we demonstrated a different approach 
towards designing for AM. We started with an analysis of the production method, in this 
case SLM, and attempted to expand its boundaries to generate a completely new design. 
Without a thorough analysis of the printer parameters, the non-assembly design that we 
have presented would not have been contrived, which is why this can be considered a 3D 
printer-driven design process. There are some caveats to this method, as the current de-
sign is adjusted to the conditions of one specific printer. The type of SLM printer that we 
used is in general suitable for large parts, but less suited for miniature work such as in this 
study. With a printer suitable for small parts, better results can be obtained, and more de-
sign directions can be explored. Nonetheless, the design process presented here shows the 
potential of designing at the limits of the production boundaries. 
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9.6 CONCLUSION
This study explored the feasibility of designing a non-assembly steerable surgical instru-
ment using SLM printing. The rough surface finish of SLM printed parts poses challeng-
es in creating functional non-assembly instruments, requiring extensive surface treat-
ments. Therefore, we attempted to design a low-friction instrument that is not hindered 
by the rough surface finish of SLM. We explored the possibility of 3D printing compliant 
flexures with a lattice structure, to reduce the stiffness of the flexures and miniaturize 
the instrument. Various lattices with grid sizes ranging from 1 mm to 0.05 mm were suc-
cessfully printed, and we succeeded in reducing the thickness of the flexures from 0.55 
mm with regular print settings, to 0.26 mm with lattice design. The lattices were applied 
in the design of rolling joints with crossed, curved flexures in 10 mm, 7.5 mm, and 5 mm 
diameters. We showed that all lattice grid sizes were able to obtain a bending radius of at 
least 5 mm and that the larger grid sizes have lower bending stiffness than the smaller lat-
tice sizes. The number of attachment points of the lattice to the joint body was found to be 
important, since this determines the fragility of the connection. For the 5 mm joints, this 
means that using a large lattice size to reduce the flexure stiffness often results in joint 
failure, due to the low number of attachment points. The pre-tensioning of the lattices 
in the rolling joints led to breakage of the lattices, therefore in the instrument design we 
explored the use of rolling joints with straight flexures that did not require pre-tension-
ing, and as such do not require assembly. The resulting steerable instrument is completely 
non-assembly, and specifically adjusted to the parameters of the SLM process. We showed 
the potential of the design through several prototypes, although the fragility of the lattic-
es limited their longevity. Further research and development are needed to enhance the 
durability of lattice-based instruments for clinical applications.
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10.1 MAIN FINDINGS
The goal of this thesis was to explore the contributions of non-assembly AM for the pro-
duction of complex medical devices, by demonstrating that AM technology can be used to 
simplify the production chain. We developed a series of 3D printed prototypes for various 
medical applications that examine the implementation of non-assembly AM and its con-
sequences for the design and production process. Here we summarize the main findings 
pertaining to the major research objectives that we identified in the introduction.

Part 1: To investigate the state-of-the-art and to identify the main challenges for implementation 
of non-assembly AM.
In Chapter 2 we investigated the state-of-the-art of non-assembly mechanisms and the 
design solutions used to 3D print them. A classification was proposed that divides current 
non-assembly mechanisms into those in which movement is based on geometrical design 
and those in which movement is based on material design. We identified a gap in research 
for non-assembly mechanisms consisting of geometry-based mechanisms and multiple 
materials. Inspiration for these kinds of mechanisms can be found in nature: for instance, 
joints in the human body combine rigid, separate bones with flexible tendons. 

One of the challenges that was identified for non-assembly AM is that standard com-
ponents, which ordinarily can be bought off-the-shelf, need to be redesigned to work with 
the constraints of the AM technology and materials. This can be a difficult and time-con-
suming endeavour. In Chapter 3, we investigated the state-of-the-art of 3D printed springs. 
Although AM offers new opportunities for the design of springs, the lack of knowledge on 
exact properties of AM materials makes it difficult to theoretically model spring designs. 
AM springs currently rely on trial-and-error practical experiments, which makes it fairly 
time-consuming to obtain the required properties. To apply AM springs in non-assembly 
mechanisms, a separate spring design process with respect to the print settings is often 
required. 

Another challenge identified in Chapter 2, is that non-assembly mechanisms, due to 
their interconnected structure, offer little room for post-processing operations such as 
surface finishing techniques. This is especially relevant for metal AM technologies, which 
suffer from a rough surface quality. In Chapter 4, we explored a method of visualizing 
polishing patterns on AM metal parts with complex features, where a visual pattern on 
the surface of the part was used to indicate which surfaces were targeted by the process. 
This visualization method gave insight into whether a polishing method was effective on 
all surfaces, to help establish design guidelines for common post-processing techniques to 
design more effective non-assembly mechanisms. 

Part 2: To develop 3D printed prototypes of novel medical devices that demonstrate that the free 
complexity offered by AM can be used to simplify the production chain, while at the same time 
advancing design opportunities for medical devices.
One of the challenges of AM is the limited manufacturing accuracy and resolution. In 
Chapter 5, we attempted to 3D print a miniature trocar for eye surgery, with sub-millim-
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eter scale features, which is on the limits of the resolution of SLA technology. We found it 
was not possible to 3D print the existing design of the trocar, due to the difficulty of creat-
ing a hollow tube  in that size range. Based on an analysis of the working principle of SLA, 
we changed the design of the trocar cannula from a straight tube to a helical structure and 
printed the valve in opened – rather than closed – position. With this solution, we showed 
that it was possible to create a functional trocar by optimizing the design and production 
process for the chosen AM technology. 

Chapter 6 presented the design of a minimum assembly AM steerable, laparoscopic 
instrument, called 3D-GriP. The instrument has a pistol-grip handle with a compliant 
end-effector actuated by cables allowing omnidirectional steering and consists of only 
five separate 3D printed parts. Further integration of parts was not possible, since the 
control mechanism of the joystick for steering required pre-tensioning of a spring, which 
had to be produced from a different material to obtain the required properties. Compli-
ant joints and snap-fit connectors were used to simplify the assembly process, thereby in-
creasing part complexity to simplify production. This instrument was designed to exploit 
the advantages of AM by enabling rapid assembly for the production of small-scale manu-
facturing of patient-, surgeon- or procedure specific instrumentation. Further exploring 
non-assembly steerable instruments, Chapter 7 presented the design of a miniature steer-
able light pipe, which was printed in a single production step. Only one cable was required 
for its actuation, for which the optical fiber was used, bringing the effective part count of 
this complex instrument to two. The design of Acci is an example of how exploring the 
boundaries of AM can lead towards a new innovative design for a specific application.

In Chapter 8, the design of a non-assembly vitrectome handle mechanism was ex-
plored. A vitrectome is used in eye surgery to remove vitreous from the body of the eye, 
and has to adhere to high-precision requirements. The new design, consisting of a dual 
diaphragm mechanism, was produced using multimaterial 3D printing and tested for its 
mechanical properties, such as the force provided by the diaphragms, and the frequency 
of the mechanism. Rather than relying on standard components, such as O-rings, each 
part of the multimaterial mechanism had to be specifically designed and tested for its 
function. The simplicity of the non-assembly design was complicated by the need for sup-
port material, which cannot be removed from an enclosed chamber. Therefore, the cham-
ber was divided into two parts to facilitate the removal of the support material. A screw 
connection was introduced to simplify assembly afterwards and ensure correct position-
ing of the parts. The design process of the vitrectome illustrates that support can form a 
challenge when designing non-assembly mechanisms, which can be solved by designing 
smart assembly solutions to still minimize assembly time and effort. 

Whereas the 3D-GriP in Chapter 6 still required actuation cables to be inserted after 
printing, Chapter 9 presented a completely non-assembly laparoscopic instrument, in-
cluding its actuation system, 3D printed in titanium. In contrast to the resin used to print 
the 3D-GriP, titanium is a medically approved and biocompatible material. The instru-
ment has a scissor-handle and is actuated by means of rigid rods, enabling planar steering 
in two directions. In order to circumvent the problems with surface finishing techniques 
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for metal non-assembly mechanisms, the design was made without sliding surfaces, 
which increase friction and can hinder the working of the mechanism, to prevent the need 
for post-processing. As such, the design relies on rolling joints with compliant flexures, 
which were 3D printed using a lattice structure to provide them with the necessary flexi-
bility and the ability to produce them on a sub-millimeter-scale. This instrument showed 
a novel approach towards the design process, in which the instrument design was created 
specifically for the chosen AM process by thoroughly exploring its production limits. 

General contribution
This thesis shows that non-assembly additive manufacturing can contribute to a new gen-
eration of medical devices, where the design freedom of AM can be leveraged to enhance 
the functionalities without being limited by assembly requirements. The use of AM paves 
the way for surgeon- and patient specific devices, which can be produced on-demand with-
out requiring extensive production and assembly facilities and can therefore contribute 
to localized manufacturing. 

10.2 LIMITATIONS OF THE RESEARCH
For some of the designs presented in this thesis, such as the metal grasper (Chapter 9) and 
the trocars (Chapter 4), it was not possible to produce them on a scale that is realistic for 
their surgical application area. The possibility of using non-assembly design comes with 
an increased complexity for the components of the design, which, given fixed dimensions 
for the instrument, means that features should be increasingly small and produced with 
a high resolution. Unfortunately, most currently available 3D printers are not capable of 
3D printing on such a small scale with a high resolution. Although for some AM technol-
ogies, such as SLA and SLM, the reported resolution for feature sizes should theoretically 
be sufficient to produce surgical instruments on an appropriate scale, in practice there are 
many limitations that hinder functional implementation. For instance, the resolution is 
not valid for all types of geometrical features, such as ‘negative features’ like holes and 
channels, and material properties play a role as well, such as a lack of stiffness in the case 
of polymers or a too high stiffness in the case of titanium.  

Although one of the advantages of non-assembly is a reduced assembly time, this does 
not automatically lead to a decrease in total production time. In some cases, non-assembly 
designs require additional post-processing steps, depending on the used AM technology, 
such as removal of support material (Chapter 8), surface finishing techniques (Chapter 
3), or cleaning of uncured resin out of cable channels (Chapter 6). Currently there are no 
studies that offer a direct comparison of non-assembly with traditional assembly meth-
ods in terms of total production time. One of the problems with such a study is that of-
ten non-assembly designs, such as the ones presented here, are radically different from 
their traditional-assembly counterparts and, therefore, cannot be used for a direct com-
parison. In addition, these designs are one-off prototypes, of which the manufacturing 
process has not been optimized, therefore it is unfeasible to compare them to mass-man-
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ufactured products. Therefore, an interesting direction would be to study the difference 
in production time for a 3D printed medical device which requires traditional assembly, 
as compared to a non-assembly design. Such a study could give more insight into whether 
the advantages of non-assembly outweigh any complications in the additional post-pro-
cessing steps. 

10.3 DESIGN FOR NON-ASSEMBLY
This thesis covered a broad range of AM-related explorations, ranging from polishing 
tests to designs for miniature surgical instruments. Their common ground is their rele-
vance to the design of non-assembly devices, which is still a relatively unexplored area of 
AM. We can summarize the explorations of this thesis towards design for non-assembly 
in two themes: smart assembly and 3D printer-driven design. 

10.3.1 Smart assembly
One of the practical limitations of non-assembly design is that the more components a 
device has, the more challenging it becomes to make it non-assembly. Each component 
has certain (functional) requirements and connections to other components, but also has 
to conform to the choice of AM process, build direction, support placement, etc. There-
fore, not all components can be printed with optimum settings for their functionality. In 
addition, in the absence of assembly, the space for unavoidable post-processing, such as 
removing of support structures, cleaning of unprocessed material, or polishing of rough 
surfaces, is limited, and the difficulty of performing the post-processing steps can in-
advertently lead to an increase in total production time. In those cases the advantage of 
non-assembly is offset by the drawback of post-processing.

Strictly speaking, a non-assembly device is one that requires no assembly step what-
soever, no matter the number of components and its technical capabilities. This is easy 
for relatively simple devices, such as a forceps, but becomes much more challenging with 
complex devices, especially when for instance force sensors or electrical circuits are in-
cluded. This requires 3D printers with the capability to combine a huge amount of ma-
terials and production techniques. More realistic is the use of embedded 3D printing, in 
which separately produced components are embedded into the part during 3D printing 
[1]. This requires devices to be designed in such a way that there is space for the compo-
nents, and that they can be placed into the part during production. 

The above points illustrate that for complex devices, rather than eliminating assembly 
altogether, the focus should be on creating ‘smart’ assembly solutions, with the goal of 
reducing the overall production time and simplifying the production process, including 
printing, assembly and post-processing,  as compared to conventional manufacturing [2]. 
We have given several examples of smart assembly in this thesis, such as the inclusion of 
the screw thread in the vitrectome mechanism (Chapter 8) to facilitate removing of sup-
port material, and the snap fit connectors in the joystick of the 3D-GriP (Chapter 6) to 
facilitate tensioning of the spring and the inclusion of an embedded part. 
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10.3.2 3D printer-driven design
Designing non-assembly devices requires re-thinking the way products are traditionally 
designed and manufactured, to fully utilize the geometrical complexity enabled by AM. 
As such, the choice for the AM process has to be taken into account early on in design pro-
cess, since this determines the available material and geometrical options. To utilize the 
opportunities of AM to their full extent, a thorough understanding of the AM process is 
necessary, to navigate its boundaries. In this thesis we have demonstrated a specific way of 
designing in which the boundaries of the 3D printer determine the final design and, to a 
certain extent, function. The free geometrical complexity of AM is leveraged to overcome 
some of the limitations of AM technology. For example, the lattice structures designed 
in Chapter 9 can be used to create thinner features than what can be created with regular 
print settings. Similarly, the helical structures in Chapter 5 allowed us to create tiny hol-
low tubes that could not be produced in a different way (Figure 10.1). Additionally, the 
design of the steerable light pipe presented in Chapter 7 arose because of the ability to 3D 
print a helical structure of that size. This can be considered 3D printer-driven design: the 
output of the printer determines the final shape, hence the design has to be adapted to the 
printer that will be used. With the immense design space provided by 3D printing, it can 
be impossible to fully utilize or consider all design possibilities. Without ways to limit the 
design space, it is all too easy to revert back to traditional designs. 3D printer-driven de-
sign is a way to decrease the design space in order to make it manageable for the designer 
and printable for the printer. Once the absolute limits of the printer are known, it is pos-
sible to start advancing the boundaries of the design. The design steps that were followed 
for the designs in this thesis can be globally formulated in the following design guidelines 
(Figure 10.2): 

1. Choosing the AM process, and gaining a thorough understanding of its specifica-
tions [3]. This includes theoretical knowledge about the working principle of the 
AM process, as well as practical knowledge about design guidelines, and test prints 
to find a baseline for the printer’s capabilities. 

2. Exploring available material, geometry, and process parameters. For materials, 
this includes their mechanical properties, such as stiffness, hardness, tendency to 

Figure 10.1: Examples of design solutions used in this thesis to overcome AM production limitations for 
thin walls and hollow tubes by increasing the geometrical complexity. 
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warp. For geometry, this includes accuracy, dimensional tolerances, and minimum 
feature size. For process parameters, this includes build orientation, layer thick-
ness, support structures. This can be done systematically by printing specific test 
parts relevant to the design. 

3. Applying AM specific solutions to the design. For instance, by utilizing the ge-
ometrical complexity offered by AM for small features, such as thin walls, and to 
consolidate components wherever possible, into one complex rigid part or by using 
flexures to connect moving parts. The design guidelines of the AM process should 
be used to choose the optimum build direction and to redesign components in such 
a way that they do not require support, or only the minimum amount of support 
that can easily be removed.

4. Evaluating which parts or features of the design pose challenges, for instance with 
regards to the build direction or support removal. Applying smart assembly solu-
tions to reduce production time or circumvent production problems when appro-
priate, and adjusting accordingly. This is an iterative process repeated as often as 
necessary. 

10.4 FUTURE OUTLOOK

10.4.1 Technological developments and materials
In recent years there has been an exponential increase in new and innovative AM technol-
ogies, including technologies capable of producing micro- or nanoscale parts. However, 
the production of medical devices requires the ability to both produce macro-scale parts, 
such as the handle of instruments, as well as micro-scale parts, such as the tip of forceps 
used in eye surgery. So far, there are little AM processes that are able to produce micros-
cale features on a macroscale part [4]. One of the challenges for this is the printing speed 
for micro-parts: in order to obtain a high-accuracy part, the layer height and voxel-size 
need to be incredibly small [4,5], resulting in long printing times, even for small objects 
[6]. For larger objects with miniature details, the printing time may become unacceptably 
long. One solution is to improve slicing algorithms, making it possible to indicate a ‘low 
accuracy’ section, such as in the internal part of the object, and a ‘high accuracy’ section, 
such as at the outer edges or at the location of high-accuracy details [7]. Hybrid processes 
are another solution, in which for instance AM processes on a macro-scale are combined 

Figure 10.2: Global steps of a 3D printer-driven design process.



200

10. DISCUSSION

10

with micro-scale processes to obtain the desired geometry and accuracy [8,9], or in which 
3D printing is combined with a shrinkage technique to miniaturize the parts [10]. Fur-
ther developments in the technology of both hybrid AM technologies as well as software 
improvements are expected to make strides for the production of macro-scale parts with 
micro-scale features and high accuracy. 

Medical devices can contain a large number of different parts, among which stand-
ardized mechanical components, such as springs, bearings, and sliders. Producing these 
mechanical components as non-assembly mechanisms requires redesigning for AM and 
thoroughly testing in order to know their exact mechanical properties. The freedom of 
complexity of AM complicates this, since there are a large number of AM parameters that 
can influence the 3D printed part. In some cases, it may not be possible to produce en-
tire medical devices using one AM process, due to limitations in material or build manner 
that require compromises in functionality. AM technologies capable of 3D printing mul-
tiple materials are being developed, for instance in order to 3D print composite materials 
[11,12]. One example of this that is currently on the market is the 3D printer released by 
Markforged, capable of 3D printing a polymer using material extrusion, and depositing 
fibres cut to size to reinforce the part. Such technology could also be used to integrate ca-
bles for actuation in steerable surgical instruments in one single printing step. Multiple 
material printing with two or more AM materials is currently limited to Polyjet and ma-
terial extrusion, however these techniques only allow for combining polymers. True mul-
ti-material printing with a combination of metals and polymers could benefit non-assem-
bly mechanisms, for instance the ability to integrate springs with certain spring constant 
or elastomeric grippers for soft tissue [13]. Asides from developing AM machines able to 
handle these radically different materials, one area that still requires attention is the in-
terface between the different materials to ensure proper attachment [14]. 

Biocompatibility of polymer materials used in AM is also a huge concern. In Chap-
ters 5 and 6, we utilized stereolithography, which uses liquid resins, for the production 
of trocars and an omnidirectional gripper. For the trocars, we made use of a biocompat-
ible resin, which has been approved by the FDA for use in dental applications. However, 
even for approved biocompatible resins, there are still concerns of toxicity due to leaching 
of compounds [15]. Although the used biocompatible resin has a very good dimension-
al accuracy, it is too brittle for use in compliant applications. Therefore, for the 3D-GriP 
prototype in Chapter 6 we used a non-biocompatible resin, which has a high-elongation 
at break, making it suitable for compliant applications. The recent interest to use AM for 
functional medical devices has pushed the development of biocompatible resins with ad-
vanced engineering properties, and therefore a larger range of non-toxic polymer materi-
als is expected in the near future.

10.4.2 Towards clinical use
Crucial for the use of AM in medical scenarios is the ability to sterilize the devices. Com-
mon sterilization methods for medical instruments are for instance autoclave, gamma 
radiation, UV sterilization, and ethylene oxide gas [16]. Not all of these techniques are 
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suitable for 3D printed instruments, due to possible changes in material properties under 
certain temperatures or conditions [17]. So far, only few studies have investigated the ef-
fect of common sterilization methods on AM materials, specifically polymers, and more 
research is required to gain a full understanding of the risks and possibilities [17]. There 
is less concern for the influence of sterilization on AM metals, since they can withstand 
high temperatures. However, for 3D printed metals the rough and porous surface finish 
hinders sterilization, since dirt and particles can accumulate there. Polishing the surface 
can improve the sterilizability, although as we have seen in Chapter 4, for geometrically 
complex parts or non-assembly mechanisms, not all surfaces are within reach of polishing 
methods. 

A possible solution is to consider disposable use, so that the device only needs to be 
used once, and only requires one sterilization cycle. In that case, sterilization could be in-
tegrated into the production process itself, since many AM processes already make use of 
high temperature, as is the case for FDM technology, or UV light, as is the case for vat pho-
topolymerization [18]. The process could then be considered ‘self-sterilizing’, when care is 
taken that fabrication occurs in a closed, sterilized environment. This will help facilitate 
local production of medical devices, for instance in a specialized department in the hos-
pital itself, or for low-income countries, provided the equipment is low cost. The use of 
non-assembly mechanisms can contribute to simple and quick manufacturing, as it does 
not require specialists or additional production facilities for assembly.  

One of the benefits of using AM for the production of medical devices is the ability to 
create one-off personalized products. For instance, the handle of the 3D-GriP presented 
in Chapter 6 was designed to be personalized for the surgeon by means of the parametric 
CAD model. An interesting step forward would be to further develop the parametric CAD 
model, so that it can be personalized by means of hand measurements. Other designs pre-
sented in this thesis, such as the vitrectome (Chapter 8) and the metal grasper (Chapter 9), 
could benefit from the same approach, as they also have the potential of customisation for 
hand sizes or preferences of the surgeon. In some cases personalization for the patient can 
be achieved as well, for instance the trocars in Chapter 5 can be adjusted in length depend-
ing on the thickness of the sclera to ensure a safe operation. 

10.4.3 Future of non-assembly medical devices
In Chapter 2, we proposed a classification of non-assembly mechanisms divided into mul-
ti-body, mono-body, mono-material, multi-material, and pattern-based mechanisms. 
Multi-body mechanisms closest resemble conventional assemblies, in which mechanisms 
consist of separate parts. Multi-material mechanisms, such as the vitrectome in Chapter 8, 
are capable of leveraging most advantages of AM as compared to traditional manufactur-
ing, and as a consequence require a completely different design approach. Pattern-based 
mechanisms have been developed the least, and show the most innovative approach to-
wards mechanisms. Their design is comparable to the design of metamaterials, in which 
geometrical structure and material are closely integrated. Technological advances in AM 
processes in terms of resolution and multi-material options offer many possibilities to 
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create pattern-based mechanisms on a smaller scale with ever-increasing functionality. 
This can lead to a fusion between designed mechanisms and metamaterials, where we en-
vision mechanisms so intertwined with the materials they are made of that they become 
indistinguishable from each other. For medical devices, this would mean an unprecedent-
ed amount of functionality that can be added to simple materials. The best use for this 
type of mechanism was already described by Richard Feynman in 1959: 

“A friend of mine (Albert R. Hibbs) suggests a very interesting possibility for relatively small 
machines. He says that, although it is a very wild idea, it would be interesting in surgery if you 
could swallow the surgeon. You put the mechanical surgeon inside the blood vessel and it goes into 
the heart and “looks” around. (Of course the information has to be fed out.) It finds out which 
valve is the faulty one and takes a little knife and slices it out.”  [19]

This picture was painted more than 60 years ago, yet this still remains a futuristic pros-
pect. However, we are slowly getting closer to making this a reality. Examples are a capsule 
that can be swallowed to take a biopsy in the intestinal tract [20], microrobots that can ma-
noeuvre in the eye in the presence of a magnetic field [21], or drug-delivering mircorobots 
that travel in the vascular network [22]. These ‘microsurgeons’ are mostly still limited to 
performing one single task, so there are still steps to be taken to integrate multiple tasks 
into one single robot, or alternatively, to have a whole clinical ‘team’ of robots that can all 
perform one of the necessary tasks. Non-assembly AM can play an important role here for 
the development of such highly integrated, multi-functional devices. 
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