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Tiivistelmä 
 
Tämä diplomityö on laadittu selvittämään, mitä elastisia ominaisuuksia omaavia 
materiaaleja on saatavilla käytettäväksi materiaalia lisäävien menetelmien kanssa, sekä 
mitä ominaisuuksia näillä materiaaleilla on. Tutkimuksen pohjana olevan kysymyksen 
voi tiivistää muotoon: ”Voiko materiaalia lisäävillä menetelmillä valmistaa elastisia 
tiivisteitä?” 
 
Diplomityötä varten tehty tutkimus koostuu olemassa olevien elastisten, ainetta lisääville 
menetelmille soveltuvien materiaalien löytämisestä kirjallisuustutkimuksen avulla ja 
näistä poimittujen lupaavien materiaalien kokeilusta käyttöön. Materiaaleista 
valmistettujen testikappaleiden sopivuutta tiivisteiksi kokeiltiin käyttämällä niitä 
paineenkarkaustestissä, jossa mitattiin paine ajan funktiona. Taustatietona työssä 
esitellään materiaalia lisäävät menetelmät, elastomeeriset tiivisteet ja materiaalia 
lisäävien tekniikoiden käyttö varaosavalmistuksessa. 
 
Testausvaiheeseen valittiin materiaaleiksi Polyjet-tekniikan laitteille soveltuva 
TangoBlackPlus ja siihen liittyvät Stratasys:in digitaaliset materiaalit, 3D Systems:ltä 
multi-jet tekniikkaa käyttävä Visijet M2 EBK, Materialise TPU 92A-1 “rubber-like” 
sintrausmateriaali, Carbon CLIP:lle EPU-materiaali sekä stereolitografia-tekniikalla 
tulostettava Formlabs Flexible FLGR02. Nämä materiaalit testattiin valmistamalla ainetta 
lisäävillä menetelmillä O-rengastiivisteitä. Nämä O-renkaat kokeiltiin tarkoitusta varten 
valmistetulla testijärjestelmällä paineenpitotestissä ilman ja nesteen kanssa, käyttäen 
ilman kanssa 6 baarin ja nesteen kanssa 200 baarin testipainetta. 
 
Testien tuloksiksi saatiin se, että usea testattu materiaali soveltuisi käytettäviksi pienillä 
paineilla ilman kanssa, mutta suuremman testipaineen kanssa soveltuvia materiaaleja 
löytyi vain yksi, Formlabs flexible FLGR02. Muut materiaalit tunkeutuivat voimakkaasti 
tiivistepintojen väliseen rakoon ja toimivat kyseisillä paineilla lähinnä vain 
kertakäyttöisinä tiivisteinä.  
 
Avainsanat Materiaalia lisäävä valmistus, Tiivisteet, Varaosavalmistus, O-renkaat 
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Abstract 
The purpose of this thesis is to examine the currently available elastomeric additive 
manufacturing materials. This is done via a literary survey to find the materials that their 
manufacturers claim to possess suitability for elastomeric applications such as sealing, and 
examining the most promising found materials via testing. Additive manufacturing 
processes, seals and sealing processes and evaluation of spare part suitability for additive 
manufacturing processes are further explained as background information.  

 
The materials selected for further testing included Statasys Polyjet material 
TangoBlackPlus and associated digital materials, 3D Systems multi-jet printing material 
Visijet M2 EBK, Materialise TPU 92A-1 “rubber-like” sintering material, Carbon CLIP 
EPU material and Formlabs flexible FLGR2 material. The suitability of these elastomeric 
additive manufacturing materials was tested by manufacturing O-ring seals and testing the 
pressure leak rate of said seals in a simple pressure containment process. This testing was 
done with a pneumatic application, testing the O-ring seal in regards to sealing air in 
pressures around 6 bar, and hydraulically, in regards to sealing a liquid at pressure around 
200 bar.  

 
The findings of these tests were that while certain additive manufacturing materials are 
suitable in regards to sealing air, they failed with the higher pressures used in the hydraulic 
testing. The damage most of the materials suffered from extruding into the clearance gap 
between sealing surfaces essentially set them to be single-use seals at 200 bar conditions. 
Formlabs Flexible FLGR02 was the only tested material found to tolerate test pressure 
without notable damage. The surface quality and finishing of the additively manufactured 
elastomeric material was found to be important to the sealing quality of the tested seal. 

 
The conclusions drawn from these results were that while some materials could be used in 
some applications even now, further research to the suitability of additively manufactured 
elastomeric seals would be required for serious exploitation. 
 
 
 
Keywords Additive Manufacturing, Sealing, Spare parts supply, O-rings 
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1 Introduction 
Additive manufacturing (AM) technologies allow for the production of physical objects 
by constructing them layer by layer based on digital files detailing a three-dimensional 
representative model of the object (Gibson, Rosen and Stucker, 2010). This differs from 
traditional manufacturing methods such as material removal methods and casting. Since 
the origins of additive manufacturing new materials and technologies have become 
available for utilization. Over the past decade, numerous improved additive 
manufacturing materials with properties such as flexibility and elasticity have become 
available.   
 
Seals are a common part used in great variety of applications with the basic function of 
preventing materials from crossing the sealed surface to the other side of the seal. These 
uses include such examples as ensuring the air tightness of food containers, keeping 
hydraulic fluids used in machine operations where they belong and keeping water and 
dust away from sensitive electronics. There is a wide variety of uses for sealing solutions 
in industry and manufacturing, however a key part of seals involves the fact they are 
consumable parts that suffer wear and tear in casual operations. This means that 
eventually they must be replaced to ensure the smooth operation of the machine. As there 
is a great variety of available sealing materials and applications ensuring that the specific 
material-shape combination required by the specific application in question is available 
can be challenging. Keeping the required seals available as spare parts is key in to taking 
advantage of long machine lifecycles. Traditionally this has meant keeping a large 
inventory of the specific seals required by the machines in question along with other more 
commonly used seals available for use. 

1.1 Background of this thesis 
This thesis has been made under the umbrella of Digitaaliset varaosat (DIVA) project, a 
joint Aalto University and VTT Technical Research Centre of Finland Ltd project aiming 
to research and promote new value adding processes that benefit from digitalization. This 
would consist of storing and transferring the relevant information required for the 
manufacture and utilization of a spare part in digital formats for the purpose of additively 
manufacturing the spare part in question as needed. This can take place close to the end 
user’s premises. The project received funding as a part of the Finnish Funding Agency 
for Innovation TEKES Industrial Internet program. The project aims provide new 
business opportunities by researching problems and solutions involved in providing 
functional networks for spare parts supply. The project is made in cooperation with the 
following 13 Finnish companies and organizations: 3D Online Factory Ltd, 3DTech Oy, 
AM Finland Oy, Hetitec Oy, Kone Corporation, Laserle Oy, Materflow Oy, Multiprint 
3D Oy, Patria Aviation Oy, Raute Corporation, Rolls-Royce Oy Ab, Sacotec Components 
Oy and Wärtsilä Finland Oy. (Aalto University et al., 2016) 
 
Traditionally ensuring seal availability for spare part applications has meant keeping 
spare parts available for use. With lengthy process times and batch costs complicating 
manufacturing it is evident that while individual seals can be cheap, the associated costs 
involved can become large. Directly manufacturing seals on-site on-demand is possible, 
but requires expensive machines such as the SKF SEAL JET (SKF, 2015). Additive 
manufacturing technologies can also be used to manufacture moulds for the usage of seal 
manufacture. 
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1.2 Aim and limits and this work 
The aims of this thesis are to investigate the state of currently available elastomeric 
additive manufacturing materials and their suitability to directly manufacturing seals and 
gaskets. As this is a part of the DIVA project, this is done with an eye on spare parts 
applications. The purpose of this research to find available elastomeric additive 
manufacturing materials suitable for seal manufacture.  This is done in order to allow a 
more comprehensive view on existing elastomeric AM materials and their possible uses 
for later interest. Further aims of this work include their suitability for spare parts 
applications via the DIVA project. The testing part of this work is limited to of trying out 
elastic seals in the shape of O-rings. 
 
To limit the topic of this thesis to manageable levels, it shall consider seal manufacturing 
only from the point of additive manufacturing. This means limiting the topic to directly 
manufacturing elastomeric seals, leaving out both non-elastomeric materials and seals 
combining both elastomeric and metallic materials. Manufacturing seal moulds using 
additive manufacturing technologies is considered as indirect seal manufacturing and left 
outside the scope of this work.  

1.3 Research methods 
This work tests out O-ring seals manufactured with additive manufacturing technologies 
from materials with mention of some sort of suitability for sealing usage in the 
information found regarding them. O-rings were selected as the test sample shape as they 
are considered the most commonly used seal type. O-rings are used in a wide variety of 
applications. The tests consisted of placing the manufactured O-ring seal sample within 
a testing apparatus allowing the apparatus to be pressurised and monitoring the pressure 
change rates inside it over a period of time. 
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2 Elastomers and seals 
Elastomers are a compound based on various ingredients including amorphous polymers. 
These materials have elastic and rubbery properties and dissipate applied energy due to 
their viscoelastic nature. While such materials typically have high strength against shear 
stress and compression, they suffer fatigue over long term use ending in part failure. 
Rubber consists of long flexible molecules in a random configurations. The origin of the 
ability of elastomers to suffer large elastic deformations and recover is based on these 
flexible molecules straightening out during stretching and springing back to the original 
random configuration once the external force ceases to affect them. Important 
applications for elastomers include seals and vibration absorption.  (Gent, 2012)  
 
Seals are a part used in a wide variety of applications and devices. Some of the common 
uses include using them to seal food in airtight containers, preventing fluid leaks in 
machines, separating different conditions and preventing excess particles, fluids and dust 
from entering delicate spaces. They can be found in such everyday objects as bottle caps 
and plumbing pipe joints. Elastomeric seals are generally a high-volume, low-cost 
product with low weight and high tolerance to pressure. As mechanical components 
cannot be manufactured to tolerances necessary to completely prevent leaks in hydraulic 
systems elastomeric seals are used to do so. (Parr, 2011) 
 
When considering the vast range of existing seals and sealing applications dividing them 
into processable subdivisions seems necessary for comprehensive study. A simple 
division can be found in separating seals into static and dynamic by application type with 
static seals referring to seals that once placed would not encounter moving surfaces during 
normal operations while dynamic seals would refer to seals employed adjacent to moving 
parts, such as in the piston of a hydraulic cylinder. Dynamic seals can be further divided 
into rotary and reciprocating by the direction of movement in the application. This 
division separates axial applications where the shaft rotates and reciprocating movement 
where the piston moves back and forth. (Flitney, 2014) 
 
Static seals include both seals and gaskets, which differ in how the sealing force required 
for sealing to function is acquired, which is further elaborated in chapter 2.1.While 
industrial applications of seals mostly focuses on mechanical and hydraulic applications 
of seals that contain plenty of dynamic sealing, this thesis considers only static sealing 
applications due to the difficulty required in testing dynamic processes. Further, testing 
dynamic seals for an industrial application in a reliable way would require having of up 
to tens of thousands of test cycles. 

2.1 Static seals 
Static sealing covers a vast range of applications and methods. A basic division between 
seals and gaskets separates seals that typically consist of elastomeric O-rings placed in a 
seal groove and gaskets that consist of material clamped between a pair of flange surfaces. 
This separation of terms means to specify where the force necessary comes from. Seals 
are usually self-energizing by its elastomeric material composition, while gaskets get the 
force applied to resist the system pressure from clamping force around the join. Seal 
considerations include many variables that affect their usage. These variables allow for 
the selection of seals that are specified as working in the conditions expected of the 
specific application in mind. Such variables necessary for choosing the right seal include 
the variables mentioned in Table 1. (Flitney, 2014) 
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Table 1 Variables required for to determine proper sealing material (Flitney, 2014) 

Pressure range
Fluids to be sealed
Environment
Integrity of sealing required
Material of counterfaces
Life requirement
Maintenance requirements
Volume to be manufactured
Assembly methods
Testing and inspection criteria
Historical experience of designers
Degree of flexibility and relative movement of counterfaces
Requirement to withstand pressure, or thermal or mechanical shock
Industry standards and practice
Sterility requirements
Hygiene requirements
Established custom and practice within a particular industry.  

 
Elastomeric O-rings are a commonly used form of static seals used in a wide range of 
systems. When in use the O-ring is commonly placed in a sealing groove and compressed 
on one axis to achieve a sealing surface. Figure 1 shows how these seal grooves restrict 
O-rings on one axis. Such grooves allow for the proper placement of the seal in the seal 
assembly. Free volume on the uncompressed axis is required for the proper operation of 
such seals. The elastic material of the O-ring allows for the compression to energize the 
sealing. The importance of the groove design is an often discounted detail with surprising 
amount of importance to proper sealing operations. The design of the groove typically 
allows for initial compression in the 15-20% range but that can vary within a larger 7-
30% range due to manufacturing tolerances on both the seal and the groove. (Flitney, 
2014) 
 
The standard sizes of elastomeric O-rings are selected so that the ring is usable in a 
nominal groove size. For example,  a 2,4mm cross-section seal is intended to fit a 2,0 mm 
groove (Flitney, 2003). The sealing capability of elastomeric O-ring seals depends on 
stresses between the O-ring and the sealing surfaces it comes into contact with. Situations 
where O-ring seals are used can be divided into restrained, unrestrained, axial, and radial 
load as shown in. Elastomeric O-ring undergo deformation under compression and O-
ring grooves constrain this deformation against walls of said groove. (Green and English, 
1994) 
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Figure 1 Separating O-ring load patterns to axial and radial along with restrained 

and unrestrained. 
Both the seal material and application are vital in designing the seal groove. While most 
materials allow for designing for general applications some require special care. Such 
materials could for example disallow typical groove sizes in lieu of smaller ones and be 
limited to less compression than more generic seals. A sealing groove is necessary to 
restrain the seal in place while allowing for the resistance to compression exhibited by 
elastomeric O-rings. This resistance means the volume of the seal remains unchanged and 
therefore room to expand is required on another axis. A seal groove is shown in Figure 2 
- A. The surface quality of the sealing surfaces is especially important in dynamic 
applications, where more wear and tear are placed on the seal. Surface texture also has an 
effect on the efficacy of a seal and should be noted in applications where low leakage is 
especially important. (Flitney, 2014) 

2.2 Elastomeric O-ring functionality 
As shown in Figure 2 - B an O-ring is usually placed in a seal groove when in use. An 
elastomeric O-ring receives a small amount of initial force from being compressed in the 
groove as shown in Figure 2 - C. When pressure is applied to the seal, it is compressed 
against the groove wall on the opposite side from where the pressure is applied to the seal 
as shown in Figure 2 - D. The actual sealing effect comes from the elastomeric properties 
of the seal, where the materials in question has both a low elastic modulus and the 
capability of being essentially unable to undergo compression. These properties cause the 
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seal to deform while maintaining a constant volume as afforded by the material Poisson’s 
ratio being near 0,5. As the elastomeric material of the seal is pressurized, it creates 
interference between the deal and the adjoining surface that is equal to the initial 
compressive force added to the amount of applied pressure. This allows for the standard 
design O-ring to reliably be used to seal and hundreds of bars of pressure. An O-ring seal 
can generally seal up to a hundred bars of pressure reliably, however with supportive 
rings in place to prevent the seal from extruding several times more pressure can be 
sealed. In practise this depends on the material properties of the seals along with the usage 
application in question.  Discounting design failures such as failure due to movement of 
the surfaces, the seal extruding out of the groove as shown in Figure 2 - E, the seal material 
losing its elastomeric properties due to ageing, low temperatures or chemical interactions. 
In addition to the material tolerances, the thermal expansion coefficient of elastomeric 
materials greatly differ from the surrounding metal and as such free space is required 
around the seal if temperature changes are likely. It is possible that in contact with fluids 
for the seal material to swell and space for such expansion should be supplied for by the 
groove as well. Depending on the great variety of factors and conditions a typical O-ring 
groove should nominally fill 70% of the groove by volume. (Flitney, 2014) 
 
The deformation of elastomers under constraint can be modelled with boundary-value 
problems. Such problems have such complexity that modelling them is usually done with 
more limited elements. Challenges in modelling elastomeric seal behaviour include 
modelling the friction between the elastomeric material and the sealing surface, the 
nonlinear stress-strain behaviour of elastomers and uncertain conditions that are required 
for such a seal to rupture due to geometric features. Additional challenges are found in 
the complex conditions of the boundary between sealing environments. The exact relation 
between seal deformation and pressure leaks is unknown. (Wang et al., 2017) 
 
The ISO standard applicable to O-rings is the ISO 3601 standard. As of the time of this 
writing, the latest version of said standard is the ISO 3601-1:2012 version. It determines 
standard diameters, cross-sections, tolerances, housing dimension and quality acceptance 
criteria in addition to the elastomeric materials found suitable for industrial seal 
applications. The ISO 3601-5:2012 standard covers the variety of common seal material 
compounds such as Nitrile (NBR) along with hardness grades for such materials. The 
hardness of the O-ring seal material relates to its gap extrusion resistance with harder 
materials being generally more resistant. Compression set shows long term seal usability 
of the material with lower compression set percentages being more desirable. Other 
material properties specified in the standard include tensile strength, elongation at break, 
effects of heat ageing, cold temperature flexibility and the effects of ISO specified oils on 
the hardness and volume of the material. (Flitney and Peppiatt, 2015) 
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Figure 2 O-ring seal use progress A Seal Groove without ring B O-ring Seal placed 

in Groove C Compressed O-ring Seal D O-ring Seal under pressure E Seal 
extruding into gap 
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2.3 O-ring seal failure 
Due to the elastomeric properties of seal materials O-rings are vulnerable to extruding 
into the clearance gap between the metal sealing surfaces. The size this gap can be 
allowed to be without such extrusion occurring, varies with the sealing materials 
employed, the size of the seal and the pressure applied. In general universally 
comprehensive data on the size of the clearance gap can be hard to come by, however 
seal manufacturers can provide guidelines on their own materials. In general a clearance 
gap of less than 0,1 millimetres should prevent extrusion in most applications. A backup 
ring can provide support for the seal, should either the gap or the applied pressure grow 
too large for said application. (Flitney, 2014) 
 
When an elastomeric seal is used, its deformation provides both its essential function and   
likely mode of failure. The deformation of the elastomer allows for it to adjust to the 
variations on the sealing surfaces, such as the gap size, misalignment of surfaces, surface 
quality, surface roughness and temperature changes. This allows for leeway in 
manufacturing both the elastomeric seal and the metal seal surfaces. The failure states of 
an elastomeric seal include cracking, leaking, extrusion and escaping. Cracking refers to 
the seal material developing cracks that break the continuity of the seal and allowing fluid 
through. A crack in the sealing material typically occurs by either cutting off the extruded 
material or by crossing the length of the seal. Leaking would consist of the seal letting 
the sealed material penetrate between the elastomer and the metal surface. Extrusion of a 
seal referred to some of the elastomer moving into the gap between sealable surfaces with 
escaping being the case where the seal completely moves into the seal groove. All of these 
seal failures require certain amounts of pressure to proceed. The lowest of these pressures 
determines the seal capability. (Wang et al., 2017) 
 
An elastic leak can paradoxically improve the functionality of the seal. By designing the 
system to allow elastic leaks it can be used to allow multiple seals share sealing load and 
amplify overall sealing performance. This is in contrast to damage caused seal leaking. 
(Wang et al., 2015) 
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3 Spare part applications of additive manufacturing 
The main use of spare parts is as a part of maintenance operations meant to keep 
equipment in working condition. Spare part supply differs from manufacturing of new 
products (Cavalieri and Garetti, 2008). Streamlining spare part inventory can lead to part 
unavailability during a critical failure. These unplanned breakdowns can result in long 
downtimes with consequences to company profits. (Sarker and Haque, 2000) 
 
Industrial equipment can often have lifecycles that last decades. Operating such lengths 
of time stresses the importance of proper maintenance and logistical support. In operating 
such machines as much as 50 percent of the total lifecycle costs may relate to spare parts 
management, with downtime costs clearly being the largest contributor to the total (Öner 
et al., 2012). Downtime costs can exceed tens of thousands euros an hour on some 
machines (Kranenburg, 2006). 
 
Other related costs include keeping inventory, manufacturing and tooling for a high 
variety of spare parts necessary. With low demand for specific individual spare parts and 
somewhat unpredictable failure rates, inventory costs are higher than in production 
applications. Considerations of spare part supply chains must include the distance 
between spare part manufacturing, stock keeping and machine locations. To minimize 
this distance and to keep response times low such service providers often provide 
decentralized stocking locations. This process places additional fiscal stress to 
transportation and stock pooling efforts. A company with machines requiring spare parts 
at low rates may be unable to have spare parts suppliers provide these parts without long 
lead times and high costs (Roda et al., 2016). This also carries the risk of the supplier 
deciding against carrying such low volume parts at all and forcing the machine owner to 
search for a new supplier with all the assorted start up and lead up costs involved. Trying 
to ensure machine operability for the remainder of its life cycle by investing into 
additional spare part inventories can lead to substantial storage costs. (Knofius, van der 
Heijden and Zijm, 2016) 
 
It is possible to reduce the costs of low volume parts by utilizing additive manufacturing 
technologies in their supply. This cost reduction is mainly from the effect of lower tooling 
and setup costs. Additive manufacturing technologies can also offer the opportunity to 
repair used parts to save costs. Other benefits of AM technologies include lower stock 
costs as parts can be stored electronically and made to demand with short response times. 
Should the spare parts supplier cease support for a specific machine line, AM allows for 
the possibility of establishing supply without excessive costs by relying on storing only 
the digital model data. The possibility of printing on location allows for bypassing 
transportation time. When considering important machines, where any downtime is 
highly undesirable, there is the possibility of replacing a broken part with a temporary 
additively manufactured part that would allow operations to continue until a proper spare 
part could be supplied. An example of where such a process could be valuable would be 
advanced high importance machines physically located at remote locations. As an 
example of remote machines, an additive manufacturing machine was delivered to the 
international space station for testing purposes with at least one printable model being 
delivered to the station electronically. (McLearen, 2015) 
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The suitability of Additive Manufacturing for spare part applications was recognized as 
early as 2004 with the characteristics of AM matching the needs of after sales service 
supply quite well. Such needs include high variability, high production costs, high lead 
times, low demand rates, complex designs, remote locations and high out of stock costs. 
Taking advantage of the technological capabilities of current additive manufacturing 
technologies could allow for printing on demand and on location to reduce the total 
lifecycle costs in spare part supply. (Knofius, van der Heijden and Zijm, 2016) 
 
Additive manufacturing technologies offer potential changes in spare part supply chains. 
Instead of lengthy transportation chains from place of manufacture, it is possible to 
manufacture the part locally. Considering such a case, it is necessary to ensure all of the 
costs involved in additive manufacturing methods are included in the final deliberations 
to mace accurate decisions. These machines would have their own lifecycle costs such as 
operator training and maintenance. (McLearen, 2015) 
 
When considering moving spare parts supply to additive manufacturing, a systematic 
approach offer benefits to clarify the benefits provided and feasibility on any singular 
parts. This can be approached from either bottom up, where a single part is examined and 
its suitability for additive manufacturing considered or top down where the entire stock 
of parts is investigated for suitability.  

 

3.1 Sorting spare parts for feasibility of additive manufacturing  
When considering changing the supply of spare parts to additive manufacturing methods 
a top-down ranking method would allow for comparison of potential to the other parts in 
the supply chain. A method of doing this would start by selecting a portion of the supplied 
spare parts for further investigation. This investigation would score individual parts by 
values such as suitability to additive manufacturing, stock keeping costs and volume. 
Some of these assessed values can be taken as technical Go/No-Go attributes that when 
considered immediately disqualify the part from further investigation. Such attributes 
might include size or shape considerations that would be impossible to manufacture with 
additive methods. The attributes investigated for the spare parts in consideration would 
include the material of the part, its size, supply inventory, usage rate, and batch size and 
resupply costs. Collating this information into a spreadsheet would allow finding the parts 
where additive manufacturing would provide more benefits. This would work by issuing 
multiplier weights to the different values based on company objectives. Simple 
multiplication would then provide the parts most suitable for additive manufacturing. It 
is worth noting that inaccurate weighting can easily distort these results. (Knofius, van 
der Heijden and Zijm, 2016) 
 
When considering the parts, it is also important to quantify whether ready to use CAD-
models exist for the parts and whether such models would be suitable for additive 
manufacturing use. In the case that new models must be drawn due to their either lack of 
existing ones or their unsuitability, there is the option to change the design for further AM 
suitability.   
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4 Additive manufacturing processes 
Additive manufacturing is a term referring to the numerous technologies that allow for 
the production of physical objects based on digital files detailing three-dimensional 
representative models of said objects with methods that consists of adding material to the 
build area of the AM device. AM technologies allow for the rapid production of objects 
especially during product development and research. This is done with a significant 
reduction in the amount of planning, tooling and preproduction necessary before an actual 
piece can be produced (Gibson, Rosen and Stucker, 2010). The layer based material 
construction of AM processes differs from traditional subtractive processes such as 
machining and drilling, formative processes such as casting and joining processes such 
as welding (Conner et al., 2014). The production of customized pieces in small or medium 
volumes is relatively affordable with AM technologies in comparison to these more 
traditional methods (Baumers et al., 2014). The drawbacks of using additive 
manufacturing methods include the limited variety of materials available, limited 
dimensional accuracy, the low quality of the surface finish, repeatability and process 
speed and low scalability, which result in low cost effectiveness at medium and high 
volumes of production (Ruffo and Hague, 2007). When considering manufacturing 
processes key factors include production volume, customization and complexity. AM 
processes cannot compare to the ease and costs of manufacturing large volume sets of 
simple pieces via more traditional processes such as injection moulding. When 
considering part complexity of the manufactured piece in general the more complex a 
part is the more difficult it is to make with the more traditional means, which applies to 
part customization as well. As such AM processes, which have also been known as rapid 
prototyping methods allow for production of low volume, high complexity, high 
customization far more cost effectively. (Conner et al., 2014) 
 
The following details how AM processes would in general consists of going from the 
initial idea to the finished product without the specific requirements of any specific AM 
processes. The general additive manufacturing process starts by taking a premade CAD 
file describing the external geometry of the part. This file can be created with practically 
any professional CAD modelling software as long as the resultant model can be produced 
as either a solid 3D model or a surface representation of such. Alternatively, the model 
can be acquired through using scanning equipment to reverse engineer a finished part into 
a model. Once the CAD model is in hand, it can then be converted into a file format that 
the AM machines accept. This is commonly the stereolithography stl file format as most 
AM machines accept using it. The file in question models the external surfaces of the 
earlier CAD model. The file containing this information is later used to divide the part 
into processable slices. Once the file is ready, it needs to be transferred to the AM 
machined used to construct the piece in question. The process doing this should include 
selecting the proper orientation, placement and scaling for the piece. Any settings 
required by the machine itself needs to be done in this phase. This would include such 
things as machine settings, constraints, the energy supply of the process and material 
supply along with layer thickness. As the piece is constructed layer by layer the layer 
thickness set is in many ways important. Less layers generally mean a faster process at 
the cost of accuracy in the shapes in question. Should the shapes of the piece require it, it 
may be necessary to use support constructs to provide support for the geometry of the 
piece. After these setup steps, the actual build process where the processes the build layers 
and builds the piece is at hand. While this is done, the machine automatically constructs 
the part and associated supports. Whether the support material differs from the build 
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materials depends on the process and machine used. This process should not require 
further supervision besides casual monitoring for glitches and process faults. Ensuring 
the machine does not stop on its own would commonly be enough supervision. Once the 
build is completed, the finished piece is then removed from the build area. Depending on 
the machine used and the process involved, this can vary from merely removing the 
completed part to having to remove the entire build platform and scraping the completed 
part and its associated supports off on a separate workbench. In powder-based 
construction, it may be necessary to vacuum the excess powder from the piece by hand. 
With this product of the build process in hand, it may still be far from the finished piece 
and require post processing in the form of support removal, cleaning and chemical 
exposure to finish the build process. An additional post processing step that may be 
necessary depending on the situation and technologies used along with the purpose of the 
piece in question is having the piece be polished, grinded, coated or painted. (Gibson, 
Rosen and Stucker, 2010) 
 
The ISO / ASTM52900 – 15 standard specifies the division of additive manufacturing 
technologies into seven distinct groupings shown in Table 2. In this work all these 
categories are briefly touched with the ones containing technologies used to produce test 
pieces being more detailed. 

Table 2 Additive Manufacturing categories according to the ISO/ASTM 52900 
standard(ISO / ASTM International, 2015) 

Binder Jetting
Directed Energy Deposition
Material Extrusion
Material Jetting
Powder Bed Fusion
Sheet Lamination
VAT Photopolymerisation  

4.1 Binder Jetting 
Binder jetting is an additive manufacturing process detailed as a process where “a liquid 
bonding agent is selectively deposited to join powder materials” (ISO / ASTM 
International, 2015). The process typically involves two containing areas where one is 
used to store the powder waiting to be used and the other the piece under construction. 
Machines utilizing this process typically use a roller to spread and level the powder to the 
whole build area. Both containing areas are placed on top of pistons capable of vertical 
movement to raise and lower the areas as necessary. This would consist of raising the 
powder container as it is used and lowering the build area as a layer of the piece under 
construction finishes with the roller levelling the powder surface between every layer. 
The printer head moving along the horizontal plane alongside the build area places the 
bonding agent to join the materials as necessary. (Gibson, Rosen and Stucker, 2010) 
 
No elastomeric materials utilizing this process were found during the literary survey. As 
the process consists of having the material be composed of a joining agent and the 
material powder this would severely limit production of elastomeric material with this 
technology.   
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4.2 Directed Energy Deposition  
Directed energy deposition is specified as “an additive manufacturing process in which 
focused thermal energy is used to fuse materials by melting as they are being deposited.” 
(ISO / ASTM International, 2015).  This is done by the means of a focused energy source 
such as a laser being used to melt the deposited material. 
 
No elastomeric materials utilizing this process were found during the literary survey. 

4.3 Material Extrusion 
Material extrusion is defined as an AM process in which dispensing material is done 
selectively through a nozzle or orifice in the machine. (ISO / ASTM International, 2015) 
 
Extrusion based additive manufacturing technologies work by forcing material from a 
reservoir through a nozzle under pressure. With a steady pressure, the material flow 
remains constant and combined with a consistent speed moving across the build area will 
result in uniform diameter. While being extruded the material is in a semi solid state that 
must solidify to achieve desired shapes. This material must bond with the building area 
or the pre-existing layers. From this, we get a machine that moves the nozzle while 
extruding the desired material.  (Gibson, Rosen and Stucker, 2010) 
 
Basic features that are common on all extrusion based systems include some way to load 
material, turn it into a liquid state, usually by heating, apply pressure to move the material 
through the nozzle, extrude, plot and move according to a predetermined path along with 
bonding the material to itself or secondary support materials to form more complex 
shapes. (Gibson, Rosen and Stucker, 2010) 

Table 3 Properties of some extrusion based materials adapted from:(NinjaTek, 
2016a)(NinjaTek, 2016b)(NinjaTek, 2016c) (OO-KUMA, 2015) (Polymaker, 2015) 

(Formfutura VOF, 2016) 

Manufactu
rer

Material 
Brand 

Tensile 
Strength

Elongation 
at 

Shore A 
Hardness

MPa %   @ 23 °C
Ninjatek Cheetah TPU 9 55/580 95
Ninjatek NinjaFlex TPU 4 65/660 85
Ninjatek SemiFlex TPU 9 49/600 98
Recreus Filaflex 54 700 82
Ookuma Trueflex 52 552 86
Polymaker Polyflex 29 330 95
Formhutura Flexifil TPC 24 530 45 Shore D  

 
Survey of extrusion based materials found several materials promising suitability to seals 
or degrees of flexibility or elasticity. In addition to the manufacturers of extrusion-based 
systems there is a great variety of filament manufacturers selling their own materials with 
their own properties. Some of these filament materials that have mention of either 
elasticity or the possibility of sealing use are detailed in Table 3.  
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4.4 Sheet Lamination 
Sheet lamination is an AM process in which the manufactured object is formed by having 
sheets of material bonded together. (ISO / ASTM International, 2015) 
 
No elastomeric materials utilizing this process where found during the literary survey. 

4.5 Material Jetting 
Material jetting is defined as a AM process in which the build material is selectively 
deposited in the form of droplets (ISO / ASTM International, 2015). This process forms 
the droplets of the liquid used and exposes it to ultraviolet light for polymerization. While 
this method has a resemblance to vat polymerization methods due to the utilization of  
photopolymerization the actual process differs (Gibson, Rosen and Stucker, 2010). 
Material jetting technologies can be divided into Polyjet technology be Stratasys and 
Multi-jet modelling by 3D Systems. Material jetting systems can use multi-nozzle print 
heads to increase build speed and allow for printing with different materials.(Wohlers, 
2016) 
 
A Material jetting system such as an Objet Connex machine work by having polymer 
droplets deposited by a print head onto a build platform within an enclosed build area. 
The print head moves on the horizontal plane while the build platform moves vertically 
after the completion of each layer. The print head incorporates a source of UV light to 
utilize the polymerization of the deposited material. A separate support material can be 
used to allow for the production of overhangs and other difficult geometries. As material 
jetting allows for utilization of multiple separate materials during the production of a 
single produced piece, it carries promise for enabling production of multifunction 
products. (Baumers et al., 2014) 

4.5.1 Stratasys PolyJet digital materials 
Stratasys carries a library of materials it refers to as digital materials. These materials 
consist of a variety of polymers produced by mixing multiple photocurable resin droplets 
with differing ratios of the curing agent to provide differing polymers with varying 
properties, such as differing tensile strength, elasticity and Shore hardness ratings as 
shown in Table 4. In addition to differing material properties, the multi-material jetting 
capability can be used to use two differently coloured versions of the same material to 
produce a part with colour differences while maintaining near uniform composition 
(Gibson, Rosen and Stucker, 2010). 
 
For this thesis an Objet Connex 350 machine was used to produce a set of O-ring test 
pieces with digital materials combining TANGOBLACKPLUS FLX980 and 
VEROWHITEPLUS RGD835. The wax-like support material of the pieces was removed 
manually with the aid of water. 



  
 

 

17 
 

Table 4 Stratasys digital Rubberlike materials based on TANGOBLACKPLUS 
FLX980 and VEROWHITEPLUS RGD835 properties(Stratasys, 2015) 

PROPERT  ASTM UNITS FLX9840FLX9850FLX9860FLX9870FLX9885FLX9895
Tensile D-412 MPa 1.3-1.8 1.9-3.0 2.5-4.0 3.5-5.0 5.0-7.0 8.5-10.0
Elongatio
n at D-412 % 110-130 95-110 75-85 65-80 55-65 35-45
Shore 
hardness D-2240 Scale A 35-40 45-50 57-63 68-72 80-85 92-95
Tensile 
tear D-624 Kg/cm 5.5-7.5 7.5-9.5 11-13 15.5-17.523-25 41-44  

 

4.5.2 3D Systems Multi-Jet Modelling material visijet M2 EBK 
3D Systems offers machines supporting Multi-Jet Modelling (MJM) process such as the 
Projet MJP 5500x (Wohlers and Caffrey, 2015). 3D Systems offers the Projet MJP 5500x 
system two elastomeric materials to use. (Wohlers, 2016) The VisiJet family of materials 
are used with multi-jet modelling machines. The Visijet materials include the elastic 
materials: VisiJet M2 ENT, VisiJet M2 EBK, VisiJet CE-NT and VisiJet CE-BK. The 
materials differ in that the M2 series materials are for the Projet MJP 2500 series printers 
and the CE materials for the Projet MJP 5500X Series with the NT and BK referring to 
the colour of the material, transparent natural and opaque black respectfully. (3D Systems, 
2017) 
 
For this thesis, the test pieces made of VisiJet M2 EBK material with the 3D Systems 
Projet MJP 2500 Plus machine were used.  

Table 5 Visijet M2 EBK for 3D Systems Projet MJP 2500 material properties(3D 
Systems, 2016) 

Properties VisiJet M2 EBK
Composition UV curable elastomeric material
Color Opaque Black
Tensile Strength 0.2-0.4 MPa
Tensile Modulus 0.27-0.43 Mpa
Elongation at Break 160-230 %
Shore A Hardness 28-32
Water Absorption 0.6%
Description Flexible Rubber-like  

 

4.6 Powder Bed Fusion 
Powder bed fusion processes are defined as an AM process in which regions of powder 
are selectively fused together with thermal energy (ISO / ASTM International, 2015). 
Powder bed processes consist of methods that utilize fusible powders, a source of heat to 
allow for the fusion of powder particles to proceed and a method to limit fusion at only 
the desired locations. The AM process additionally requires a way to control the amount 
of the powder along with its allocation and smoothness. (Gibson, Rosen and Stucker, 
2010) 
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The survey of interesting sintering materials found the materials specified in Table 6, 
however due to procurement constraints only the Materialise TPU 92A-1 sample could 
be obtained for this thesis. 

Table 6 Interesting Sintering materials with either mention of suitability for seals 
or other elastic or flexible behaviours 

Manufacturer Material Name
ALM TPE 210-S

LUVOSINT® TPU 
X92A-1
LUVOSINT® TPU 
X92A-2

Materialise TPU 92A-1
DuraForm® Flex
Infiltrated with FlexSeal

Creabis TPU CREA90A
Shapeways Elasto plastic

Lehmann & Voss & CO

3D Systems

 

4.6.1 Selective Laser Sintering  
Selective laser sintering (SLS) uses a laser to provide the thermal energy required for the 
fusion of the powder material. The SLS process generally consists of a central build 
platform with powder feeders located on both sides, a Powder levelling roller that rolls 
across these to keep the powder levels stable across these and a laser system located above 
the build area. The laser system generally has a laser at the side with movable mirrors 
moving on the horizontal place turning the laser towards the build area and moving the 
end location of the laser beam as the build progresses. The layers of powder fused are 
typically thin at only 0,1 millimetres thickness. The build process happens within an 
enclosed build area filled with gas to minimize both oxidation and degradation of the 
powder material. An infrared heater keeps the powder at elevated temperatures near the 
melting point of the material to allow for faster fusing at the end point of the laser. Both 
the feeders and the build area may also be heated with resistive heating systems. Utilizing 
these pre-heating systems allows the process to minimise some of the warping that 
happens due to the thermal expansion and contraction of the material. (Gibson, Rosen and 
Stucker, 2010) 

4.6.2 Materialise TPU 92A-1 “rubber-like”  
Materialise “rubber like” TPU 92A-1 is a very fine white granular powder that can be 
used to create strong, highly flexible and durable material. The material is a thermoplastic 
polyurethane. The manufacturer asserts typical uses as display pieces, shock absorbent 
models, squeezable models and functional models. (Materialise, 2017) 
 
The Materialize “rubber-like” TPU 92A-1 sample parts used in this testing were acquired 
from the i.Materialise website store. The pieces were ordered without extra finishing and 
polishing options offered and as such, the surface quality of these parts was less than ideal 
on arrival.  
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4.7 Vat Photopolymerisation  
Vat polymerization is defined as an additive manufacturing process in which liquid 
photopolymer is selectively cured by light-activated polymerization within a vat (ISO / 
ASTM International, 2015). Photopolymerization processes use a light sensitive 
substance that solidifies when exposed to it. These materials are usually liquids resins and 
work due to complex chemical reactions. Common uses of such materials include coating, 
printing and dentistry. From the first stereolithographic processes discovered in the 1980s 
using UV curable materials to produce solid parts has been a staple of AM. Common 
usage of the method involves the UV sensitive resin being contained in an enclosed vat, 
in which the vertically moving build platform raising the piece as layers are constructed. 
The vector scan method uses optically directed lasers to harden the layer point by point. 
Mask projection method involves directing the light form a laser or a lamp to construct 
an entire layer at one time (Gibson, Rosen and Stucker, 2010). Newer vat 
photopolymerization technologies use lamps or LEDS as the energy source along with 
DLP technologies to project an image onto the bottom or top layer of the vat. DLP uses 
micromirrors to do this. This allows for curing an entire layer at once.(Wohlers and 
Caffrey, 2015) 
 
The elastic materials utilising photopolymerization found include Carbon EPU, Formlabs 
flexible FLGR02 and Spot-E from Spot-A. 

4.7.1 Carbon Elastomeric Polyurethane CLIP resin 
Continuous Liquid Interface Production (CLIP) is a new additive manufacturing process 
capable of constructing the produced part in a continuous fashion instead of the usual 
additive manufacturing layer-by-layer approach. This is achieved by leaving an oxygen 
permeable window under the ultraviolet image projection plane, which results in a 
persistent liquid interface inhibiting the photo polymerization of the resin. This liquid 
interface consists of an area between the construction area of the manufactured part and 
the light source projector causing the photo polymerization to occur. This process allows 
for pieces to be drawn out of the resin at speeds up to 100 times faster than previous 
additive manufacturing polymerization processes. (Tumbleston et al., 2015) 
 
The company Carbon3d Inc. released the Carbon brand M1 printer on April 1, 2016 
utilizing the CLIP process (Carbon3D, 2016a). One of the material available for the 
Machine is the EPU resin, which is a high performance polymeric elastomeric exhibiting 
good elastic behaviour under both tensile and compressive loads. Carbon claims this 
material as suitable for cushioning, gasket and seal applications requiring high elasticity, 
impact and tear resistance. The material properties of the EPU resin are shown in Table 
7. (Rolland, 2016) 
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Table 7 Properties of Elastomeric Polyurethane (EPU) Continuous Liquid 
Interface Production Resin (Carbon3D, 2016b) 

Mechanical Properties
Modulus, Straight, 500mm/min, ASTM D412 8 ± 1 MPa 
Ultimate Tensile Strength, Straight, 500mm/min ASTM D412  6 ± 1 MPa 
Elongation at Break, Straight, 500mm/min ASTM D412 190 ± 10 % 
Tensile Set, 100% Elongation, Straight ASTM D412  2.1%
Tear Strength ASTM D624-C  23 ± 3 kN/m 
Hardness ASTM D2240 68, Shore A
Compression Set, 23°C, 72 hrs, ASTM D395-B 23 %
Bayshore Rebound Resilience ASTM 2362 29 %

Thermal Properties
Coefficient of Thermal Expansion ASTM D696  190 ppm/°C 
Tg (DMA, E’)  -50 °C 
Tg (DMA, tan(d))  -6 °C  
 
The CLIP EPU material sample obtained for this thesis via the Sculpteo online ordering 
site suffered from poorly placed support locations and was unsuitable for the pressure 
testing. The material itself seemed highly promising.   

4.7.2 Formlabs Flexible FLGR02  
Formlabs Form 2 is an advanced desktop stereolithography machine that allows reliable 
print processing for both large solid parts and small details. The machine has a self-
heating resin tank that heats up to 35 degrees Celsius (Formlabs, 2017). The operating 
area of the machine is a 145x145x175 millimetre cube. The machine has such features as 
automated resin fill and a wiper in the vat. It uses a violet laser in the 405nm wave length 
with a laser spot size of 140 microns. (Wohlers, 2016) 
 
A Formlabs Form 2 machine was employed to produce test samples from the Formlabs 
flexible FLGR02 material. Pre-processing orientation and support placement was done 
with the Preform software provided by the manufacturer. Based on the usage 
recommendations by the manufacturer Formlabs the initial pieces were made while 
maintaining object orientation over the minimum angle of 20 degrees from the surface 
while maintaining a base thickness of at least 1,25 mm on the produced pieces. The 
manufacturer recommendations specified supports used should have either a 1,60 mm or 
a 2,20 touch point to the part with higher support density recommended for larger pieces 
(Formlabs, 2016b). After producing the initial set the removal of supports was 
challenging, which resulted in problems securing the sealing surface so a second set was 
made with support contact point size set to 0,80 millimetres. This second set suffered 
from minor deformation, as the resulting supports were insufficient, however enough 
suitable pieces were produced to allow for testing.  
 
After producing the parts, the post processing procedure includes using isopropanol 
alcohol to rinse the pieces to remove excess resin and curing the pieces with UV light to 
reach final material properties along with removal of supports using clippers. The 
manufacturer provided values for the UV light curing for flexible resin is a minimum 
duration of 60 minutes under a 405 nm light with a temperature set at 45 °C. (Formlabs, 
2016c) 
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Table 8 Properties of Formlabs Flexible FLGR02 (Formlabs, 2016a) 

Mechanical Properties Green Postcured Method
Tensile Strength 3.3 – 3.4 MPa 7.7 – 8.5 MPa ASTM D412-06 (A)
Elongation at Failure 60 % 75 – 85% ASTM D412-06 (A)
Compression Set 0,40 % 0.40% ASTM D395-03 (B)
Tear Strength 9.5 – 9.6 kN/m 13.3 – 14.1 kN/m ASTM D624-00
Shore Hardness 70 – 75 A 80 – 85 A ASTM 2240
Thermal Properties
Vicat Softening Point6 231 °C 230 °C ASTM D1525-09  
As shown in Table 9 Formlabs Flexible suffers in contact of several common chemicals. 
The table has ‘G’ referring to no loss of mechanical properties within 24-hour exposure 
to the chemical in question, ‘A’ referring to minor losses and ‘X’ referring to unacceptable 
loss of properties. 

Table 9 Chemical resistances of Formlabs Flexible FLGR02 (Formlabs, 2016a) 

Green Cured
Acetic Acid, 5% A A
Acetone X X
Bleach (~5% NaOCl) G A
Butyl Acetate X X
Diethyl glycol monomethyl ether X X
Hydrogen Peroxide (3%) A A
Isooctane G G
Isopropyl alcohol X X
Sodium hydroxide (0.025%, pH = ~10) A G
Salt Water (3.5% NaCl) G G
Water G G
Xylene X X  

4.8 Additive manufacturing seal models 
Most AM technologies allow for the creation of stiff solids with of elastomeric or flexible 
materials receiving less attention. Compared to silicon rubbers UV curable elastomers 
used in AM have significant limitations, such as too low elongation at break for some 
applications(Patel et al., 2017). Kundera & Bochnia (2014) examined the relaxation 
properties O-ring seals manufactured from Stratasys digital materials by modelling the 
relaxation curves in a Prony series under both static and dynamic conditions. They 
conducted the investigation on the stress relaxation behaviour of said materials by using 
a universal testing machine. This was done with the application of AM materials for 
elastomeric seals in mind. Said suitability such is dependent on the viscoelastic properties 
of the materials. The materials examined included tangoBlack Plus, FLX9840, FLX9860, 
FLX9870. Their testing found that sustained load was higher under unrestrained axial 
loading than under restrained radial load and that the value of the loading and the time 
for its relaxation was dependant on the viscoelastic properties of the material, the 
geometry of the O-rings, the stress state and friction of the surfaces of the O-rings in 
contact with sealing surfaces. (Kundera and Bochnia, 2014) 
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5 Pressure experiments 
The CAD models required for the construction of the test pieces were made with PTC 
Creo parametric 3.0. As O-rings are one of the most commonly used seal types with 
common properties, it was decided to test the selected AM materials with samples 
mimicking O-rings. To achieve this a suitable O-ring size was selected from the ISO-
3601 standard sizes, 30x2,62 mm, which refers to an O-ring with the inside diameter of 
30 and the cross-section diameter of 2,65 millimetres. A testing device capable of 
mounting this size O-rings was manufactured from aluminium. This device, heretofore 
referred to as the tester, consists of two aluminium pieces with one piece containing a seal 
groove and another a cut-through threaded hole with 4 additional holes being placed on 
both pieces to allow for the placement of adjoining bolts as shown in  Figure 3. The size 
of the holes was set at M14. 
 

 
Figure 3 Aluminium tester with an O-ring sample mounted in seal groove 

Testing was conducted as monitoring the pressure loss of the system with a sample AM 
elastomeric O-ring within. The testing was divided into two parts. First part consisted of 
using a pneumatic system to set the air pressure within the tester at the 6 to 7 bar range 
followed by measuring the amount of pressure lost within the following hours. The 
second part consisted of joining the tester to a hydraulic pump and raising the pressure up 
to 200 bar. Both measurements were done using the NI labview software alongside a 
National Instruments NI USB-6009 data acquisition device connected to the laptop 
computer via a USB cable. The data acquisition device was in turn connected to the 
pressure sensor with cables set to analog input signal ports. The specific sensors used are 
mentioned in the separate hydraulic and pneumatic part details. 
 



  
 

 

23 
 

The tester assembly consisted of the two machined aluminium plates, the 4 bolts keeping 
them together, the M14 male / G3/8 male two-sided connector and the USIT-seal between 
said connector and the aluminium plate. In order to simulate a specific larger clearance 
gap copper sheets with a thickness of 0,09 ±0,01 mm was placed between the aluminium 
plates. This was meant to expose weaknesses to seal extrusion without being forced to 
raise testing pressure to dangerous levels. 

5.1 Pneumatic testing 
Pneumatic testing was conducted with the setup shown in Figure 4. This setup consisted 
on the aluminium tester, a Tee Connector, a Hydac pressure sensor hda 4346-b-009, a 
valve with a hose connecting it to a one-way valve. As the Tee connector was initially 
acquired for hydraulic use ensuring it didn’t leak care and pneumatic paste was used. The 
one-way valve was connected to the pneumatic compressor system of the building giving 
it a starting pressure between 6 to 7 bar. The tests were conducted by monitoring the 
pressure changes over a following period of hours. The used Hydac hda 4346-b-009 
pressure sensor has a manufacturer reported accuracy of 0,5% FS which refers to the 
pressure range measured, ie the difference between the highest and lowest pressure 
measured which would give a 0,05 bar accuracy with the sensor. The one-way valve 
connecting the testing system to the building’s air pressure system was set so that it only 
allowed for the addition of air into the system. Measuring the inside volume of this air 
pressure setup with the aid of water gives it the volume of 10±1,5 mL or 10±1,5 cm3. The 
ideal gas equation, pV = nRT, gives the reason for the changes in pressure shown in the 
resulting figures. The formula states that the pressure (p) multiplied by volume (V) is 
equal to the number of moles (n) multiplied by the gas constant (R) and finally the 
Temperature (T). Should no leak be present in the system V, n, and R would remain 
constant with the fluctuations in temperature causing fluctuations in the observed 
pressure. 
 

 
Figure 4 Pneumatic Testing setup 
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5.2 Hydraulic testing 
The preparations for hydraulic testing started with defining the fluid used for the tests. As 
Formlabs flexible FLGR02 had a chemical properties table detailing chemical 
weaknesses it was decided to prevent these weaknesses from influencing the test results 
by limiting the fluid in contact with the seal in testing to water. To allow this a two part 
system containing one part exposed to water and another utilizing hydraulic fluids was 
used. Figure 5 shows the composition of the hydraulic system, where going from left to 
right we have the pump containing a one way valve, an another valve, a pressure 
accumulator, a pressure gauge, a piston pressure accumulator, an another pressure gauge 
long with the pressure sensor connected to the data collection device and finally the 
aluminium tester. 

 
Figure 5 Blueprint of hydraulic test system 

In the final assembly, the second pressure gauge was dropped as shown in Figure 6 with 
the water side of the piston accumulator only having the pressure sensor and the 
aluminium tester connected via a hose.  Figure 7 Shows the full hydraulic testing setup 
consisting of a David Matra brand hand operated pump, a hose connected to two Tee-
connectors in series leading to the the piston pressure accumulator. These Tee-connectors 
being connected to a 250 bar pressure gauge and a diaphragm type pressure accumulator. 
The tests conducted consisted of raising the pressure to 200 bar using the connected hand 
pump and observing the changes in pressure in the following minutes. Due to concern 
over water causing corrosion the piston accumulator the sample time was limited to 
around half an hour.  A container was placed around the tester for safety reasons and to 
allow easy visual confirmation of any leakage of the sample seal. The parts used are 
detailed in Table 10. 
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Figure 6 Water Part of the hydraulic testing system 

 
Figure 7 Full hydraulic testing system 
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Table 10 Hydraulic testing parts 

amount name of part BSP threading used in part
1  David Matra brand manually operated pump
2  light use series hose G3/8” female
3 Tee-Connector  2 G3/8” male, one G3/8” female 
1 250-bar pressure gauge G1/4” male
2 sensor fittings /  thread convertor G3/8” female to G1/4” female
1 SAIP brand diaphragm type pressure 

accumulator (volume: 0,35 liters;staring 
setting pressure: 90 bar; maximum pressure: 

G3/8" female

1 Hydroll brand piston type pressure 
accumulator(volume: 0,3 liters,                    
maximum allowable pressure: 250 bar)

G3/8” male

1 Hydac pressure sensor hda 4746-b-250         
Accuracy ±0.25% FS G1/4” male  

 
The hydraulic piston type pressure accumulator was used to separate the two fluids used 
in the testing and as such had been emptied of its original nitrogen content. The Hydac 
pressure sensor used has a manufacturer reported accuracy of 0,25% FS of which the FS 
refers to full scale or the pressure range measured by the sensor, in other words the 
difference between the highest and lowest pressure measured which gives us a 0,625 bar 
accuracy to the sensor readings. 
 
The decision to use water in contact with the seal limited the testing duration significantly 
as the piston pressure accumulator used to separate the two fluids was designed for use 
with hydraulic fluids and as such suffered varying degrees of corrosion during testing. 
Attempts were made to limit this with emptying the accumulator carefully between testing 
and lubricating. Despite this at the completion of the testing, it had suffered notable 
corrosion. 
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6 Results and discussion 
This chapter contains figures with the results of the pressure leakage tests. All said figures 
have as their y-axis pressure measured in bars with time measured in hours on the x-axis.  
A short term pressure peak occurred immediately on raising the testing system pressure. 
This phenomenon occurred in all measurements. This peak is cut from some figures. 

6.1 Pneumatic testing results 
Figure 8 shows the combined results of all the tested materials tested with the pneumatic 
air pressure tests. These results show that while the majority of materials had similar 
results a few lost pressure rapidly. We can see that the materialize TPU 92A-1, referred 
to as ‘materialize rubberlike’ in the legend is practically a vertical line. The Carbon CLIP 
EPU material was the second material to lose the entirety of the test pressure in the test. 
The results of these two materials are better shown in Figure 9. Stratasys tango FLX9840 
appears as two figures in the chart as two separate test pieces of the material were 
examined. The performance of both pieces was poor as can be seen in Figure 10, Both of 
these test pieces show steady pressure loss at varying rates.  FLX9870 has the results of 
a longer duration measurement cut into two lines with an 8-hour cut period between 
measurements, this is discussed further later. Other materials shown in the chart include 
the rest of the Stratasys Tango digital materials, Formlabs Flexible FLGR02, the 3D 
Systems Visijet M2 EBK elastic black material and a NBR70 commercial O-ring. The 
NBR70 commercial O-ring refers to a common, commercially available O-ring made 
with traditional methods out of nitrile butadiene rubber with a shore A value of 70. This 
O-ring is used as a reference to the tested material samples. 

 
Figure 8 Pressure leak test results with air and starting pressure at 6 to 7 bar 
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Figure 9 Pressure leak test results with poor performance 

 
Figure 10 Pressure leak test results for Stratasys TangoBlack FLX9840 samples 
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Figure 11 shows a version of the Figure 8 chart zoomed in to better show the variations 
happening. From this we can note the rather similar results offered by most remaining 
materials. We can see the small decline in pressure over the first 15 hours of the testing 
with small raise at around the 16-hour mark. As the testing was conducted in overnight 
tests the increase at the 16-hour mark could refer to the time the heating system of the 
building triggered and started raising the temperature from the decayed night-time value. 
This leaves the Stratasys tango FLX9850 material with an unexplainable bump around 
the 10-hour mark. Most rational explanation for this would be a raise in the temperature 
of the testing space at an uncharacteristic time due to an unknown person visiting the 
space. 

 
Figure 11 Pressure leak test results with air and starting pressure at 6 to 7 bar 

zoomed in 
Figure 12 shows a compilation of results for the Stratasys digital materials. From these 
two charts, we can see that aside from the softest FLX9840 material the digital materials 
in question had very similar pressure change rates. The FLX9850 graph clearly shows 
some kind of nonlinear pressure change in the middle of the measurement. Figure 13 
shows the results of one long measurement for Stratasys tango FLX9870 divided into two 
16-hour portions with an unmarked 8-hour period between the shown measurements. It 
is worth noting that despite the second measurement period having a lower measurements 
at the start and middle of the measurements the end values for both are similar. This 
reinforces the likelihood of the pressure being affected by temperature fluctuations rather 
than actual leakage. 
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Figure 12 Pressure leak test results for Stratasys tango digital materials 

 
Figure 13 Pressure leak test results for Stratasys FLX9870 material with 8 hours 

between measurements 
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6.2 Hydraulic testing results 
Hydraulic testing results refer to the results gained from the testing conducted as detailed 
in the 5.2 chapter of this thesis. These are compiled in the Figure 14 chart. As in all the 
other figures shown in this thesis Figure 14 shows pressure measured in bars on the Y-
axis and the time value of the measurements on the X-axis. The figure contains the 
materials Visijet M2 EBK elastomeric black manufactured by 3D Systems, Formlabs 
flexible FLGR02 by Formlabs and Materialise rubberlike alongside the stratasys 
Tangoblack digital materials FLX9840,  FLX9850, FLX9860, FLX9870 and FLX9885 
with the last digits referring to the measured shore A hardness of the material. As the 
testing was conducted powered by a manual pump the results show a variance in the initial 
rise to the 200 bar value based on the performance of the hand pump operator. From 
Figure 14 we can see most pressure results behaved similarly with only materialise 
rubberlike having a differing result observable in said figure. 

 
Figure 14 Hydraulic 200 bar Pressure leak test results 

Figures Figure 15 and Figure 16 offer a better view on the actual results of the hydraulic 
testing. Figure 15  shows the short pressure spikes occurring immediately on when the 
pressure was raised that quickly lose several bars of pressure to settle in the actual 
measured values. Figure 16 offers the best view of the actual results. From it we can see 
the all measurements have a downward curve. This implies the possibility of an unrelated 
leak in the testing system. As a reference NBR70 O-ring was measured the results are 
best applied in comparison to it instead of absolute values. Figure 16 shows very similar 
results with FLX9840 being the easily found outlier with high-pressure loss. 
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Figure 15 Hydraulic 200 bar Pressure leak test results zoomed in 

 
Figure 16 Hydraulic 200 bar Pressure leak test results zoomed in more 

Figure 18 shows the zoomed in version of the NBR70 commercial O-ring measurements 
shown in Figure 17 with only the results taken roughly every 5 seconds shown. From this 
chart we can see the rate of pressure loss in the system even with a perfectly functional 
O-ring. This gives us a baseline value for the system pressure change we can compare all 
the other pressure rates to. These comparisons are done in figures Figure 19 in comparison 
to the Stratasys TangoBlack digital materials and in Figure 20 for the other materials. 
These show pressure loss rates remaining similar across most remaining materials. 
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Figure 17 Hydraulic Pressure leak test results NBR 70 commercial O-ring 

 
Figure 18 Hydraulic Pressure leak test results NBR 70 commercial O-ring zoomed 

in 
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Figure 19 Hydraulic 200 bar Pressure leak test results with TangoBlack digital 

materials 

 
Figure 20 Hydraulic 200 bar Pressure leak test results with non Stratasys 

materials 
During the hydraulic testing, as the pressure used was raised up to 200 bar most of the 
observed materials suffered extrusion damage. This was most likely exacerbated by the 
larger clearance gap forced by the 0,09 ±0,01 copper sheet placed between the aluminium 
plates of the tester. Figure 21 shows damage in Visijet M2 EBK elastomeric black 
material with Figure 22 showing clearer signs of extrusion damage in Stratasys FLX9850 
material. Figure 23 shows the results of the testing conducted at 70 bars pressure on 3D 
systems Visijet M2 EBK elastomeric material alongside Stratasys FLX9840 material.  
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Figure 21 Damage suffered by Visijet M2 EBK elastomeric black 

 
Figure 22 Extrusion damage suffered by Stratasys FLX9850 
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Figure 23 Hydraulic 70 bar Pressure leak test results 

6.3 Summary 
Going through the detailed results we can conclude that the low pressure/pneumatic 
testing provided a binary result on material suitability as shown in Table 11. Of the 
unsuitable materials mentioned in said table Carbon EPU material seemed highly 
promising prior to the testing with the poor results being linked to the same support and/or 
surface quality issue Formlabs flexible suffered from. Materialise “rubberlike” likewise 
had the same surface quality problem due to the test pieces being without proper finishing. 
FLX9840-DM samples had decent surface quality. High-pressure/hydraulic testing 
results were compiled to the table according to the leak rates and the extrusion damage. 
Extrusion damage on pieces is shown in Appendix 1: Post hydraulic testing images. 

Table 11 Material suitability based on conducted tests 

Material name Pneumatic test Hydraulic Test extrusion damage
VisiJet® M2 EBK (Elast. Bl.) Acceptable Acceptable Severe
Formlabs Flexible FLGR02 Acceptable Acceptable None
Carbon Clip EPU Poor Not available Not available
Materialise rubberlike Poor Poor None
Stratasys Tango FLX9840 Poor Poor Severe
Stratasys Tango FLX9850 Acceptable Acceptable yes
Stratasys Tango FLX9860 Acceptable Acceptable yes
Stratasys Tango FLX9870 Acceptable Acceptable yes
Stratasys Tango FLX9885 Acceptable Acceptable Minor  
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7 Conclusions 
Additive manufacturing industry has had a lot of innovation on new materials and 
manufacturing methods with usage of such often being slow to catch up. With spare part 
supply applications being able to take advantage of these methods and produce limited 
series of products closer to the actual location of where the part is needed, there is an 
opportunity for commercial applications. One of the aims of this thesis was investigating 
the existence and suitability of AM elastomeric materials for such applications. The 
results of the survey found several materials with elastic or compressible properties and 
samples of said material were obtained for investigating using the AM materials in 
question as replacements for elastomeric O-ring seals.  
 
The conducted experiments found that most of the tested materials were suitable for use 
with low pressure (up to 6-7 bar) pneumatic applications during the 16-hour test period. 
The few longer duration experiments had similar results. Sealing hydraulic fluid was 
generally easier to do than pneumatic applications at the same pressure due the surface 
tension of the liquid. As such based on the pneumatic results use at the same pressure as 
in hydraulic applications is expected to be successful. High-pressure or Hydraulic testing 
was conducted at 200 bar pressure with some materials being tested at 70 bar pressure as 
well. This testing found that at the tested pressures such AM seals were inferior to the 
commercially available O-ring tested as a reference material. During hydraulic testing 
sample seals, that actually showed a noticeable leak was limited to two, with the other 
samples showing similar behaviour as the NBR70 O-ring used as a comparison. It is worth 
noting that at 70 shore A hardness the comparison O-ring was much more suitable to the 
experiment conditions than the sample AM materials. Aside from the two samples with 
leakage most tested materials were found to function as a seal during the half an hour 
hydraulic tests. This confirms our theory for using seals manufactured from said materials 
as single use emergency seals in static applications. Dynamic applications would likely 
prove unsuitable. In conclusion low pressure (<10 bar) usage of seals made from sample 
materials seems highly plausible, while higher pressures is best left to emergency one-
use seals. Formlabs flexible FLGR02 was the only hydraulically tested material that did 
not suffer noticeable extrusion while sealing the liquid.  
 
The experiments were conducted with a clearance gap enforced with a 0,09 mm a copper 
sheet placed between the aluminium plates of the tester to simulate a spare part 
replacement scenario with a larger gap. While this was plausible for the low-pressure 
experiments, the high-pressure tests caused most tested materials to extrude into the gap 
and in hindsight showed poor planning. With both a high pressure (200 bar) and a large 
clearance gap the soft AM materials outside their planned use scenarios. First priority 
should have been given to testing without such a gap with such gap experiments left at a 
secondary role.  
 
During the sample procurement it was noted that merely sending the model files detailing 
the part to be made was insufficient. Relying on the recipient to properly place vital 
surfaces and support placements without further communication was a poor idea. As 
defining the supports and layer thickness can have an effect on the final product leaving 
selecting these to a final user has an easy chance for failure. Due to the layered 
construction of AM materials the final mechanical properties of the materials can be more 
difficult to determine that traditional elastomeric materials. 
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As most of the material samples used in the experiment had tensile strength values defined 
lower than the tested hydraulic pressure, the decision to use 200 bar testing pressure was 
possibly in error. In selecting the testing parameters a better test scenario would have 
been one where the clearance gab was not artificially enlarged with the copper plating 
and test pressure would have started at lower values. Pressure change cycles could have 
been applied to monitor usability of samples in changing conditions.  While seals can be 
made in a great variety of shapes in this thesis only O-ring shape samples were 
constructed. As such any difficulties inherent due to their geometries are left unexplored.  
 
The VisiJet® M2 EBK (Elastomeric Black) by 3D Systems felt like a suitable elastic 
material with promise in applications where pressure remains low. The relatively low 
hardness of the material however left concerns over durability. The combination of high 
clearance gap and high pressures caused rather severe damage in the samples. Formlabs 
flexible was found suitable for the experimental applications with the caveat that its 
chemical tolerances limit usage applications. The issues with manufacturing the sample 
pieces could also be an issue. This trouble mainly consisted of finding the right 
combination of enough supports with support placement without compromising the 
sealing surfaces. As the material in question is UV cured the degradation it suffers in 
long-term use from the continuing curing could be an issue. The Carbon CLIP EPU 
material was found to possess promising elastomeric properties, but the sample obtained 
suffered from either poor placement of supports or another surface quality issue. Further 
testing of said material while taking steps to address this could show interesting results. 
The Materialise ‘rubberlike’ TPU 92A-1 material had surface quality issues that caused 
it to lack a proper sealing surface. Additional finishing steps could solve these. Checking 
the properties given for it after testing had conducted could find no mention of sealing 
usage so it is possible its selection for testing was a mistake. Another possibility would 
be that it was selected by virtue of being an accessible sintering material where sample 
procurement was easy. In this case the material was selected to estimate the virtue of 
utilising any powder bed fusion material. The Stratasys TangoBlack series digital 
materials had a variety of differing properties and in general seemed promising for low-
pressure applications. The softest FLX9840 material however showed poor results even 
in the pneumatic experiments. The FLX9885 material suffered only minor extrusion 
damage in the hydraulic 200 bar pressure test, with the softer digital materials suffering 
more damage. Overall, the Stratasys digital materials seem a promising avenue for future 
exploration. 
 
Possible avenues for further exploration of the topic include a wider range of experimental 
pressures while exploring the effects of temperature in more detail. Cyclical experiments 
where the pressure changes would show suitability for actual industrial applications. 
Longer term tests with exposure to more hydraulic fluids would show material changes 
and suitability. 
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Appendix 1: Post hydraulic testing images  
Contents:  
Materialise rubberlike 
3D Systems VisiJet® M2 EBK (Elasomeric Black) @ 50 bar 
3D Systems VisiJet® M2 EBK (Elasomeric Black) @ 70 bar 
3D Systems VisiJet® M2 EBK (Elasomeric Black) @ 200 bar 
Formlabs Flexible FLGR02 
Stratasys FLX9840 @ 50 bar  
Stratasys FLX9840 @ 70 bar 
Stratasys FLX9840 @ 200 bar  
Stratasys FLX9850 
Stratasys FLX9860 
Stratasys FLX9870 
Stratasys FLX9885 
 

 
Materialise “rubberlike” 
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3D Systems VisiJet® M2 EBK (Elasomeric Black) @ 50 bar 
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3D Systems VisiJet® M2 EBK (Elasomeric Black) @ 70 bar 
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3D Systems VisiJet® M2 EBK (Elasomeric Black) @ 200 bar 
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Formlabs Flexible FLGR02 
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Stratasys FLX9840 @ 50 bar 
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Stratasys FLX9840 @ 70 bar 

 



Appendix 1 (8/12) 
 

8 
 

 
Stratasys FLX9840 @ 200 bar 
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Stratasys FLX9850 
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Stratasys FLX9860 
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Stratasys FLX9870 
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Stratasys FLX9885 
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