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Terminology 
 

Abbreviations and acronyms 

 

AM Additive Manufacturing 

PS Prosthetic Sockets 

CS Check Socket 

TPS Titanium Prosthetic Socket 

NPS Traditionally manufactured Prosthetic Socket   

EBM Electron Beam Melting 

FDM Fused Deposition Modeling 

FFF Fused Filament Fabrication 

SLS Selective Laser Sintering 

3DP 3 Dimensional Printing 

RMM Rapid Manufacturing Machine 

PP Poly Propylene 

PET-G Polyethylene terephthalate glycol-modified 

CAD Computer-Aided Design 

CAE Computer-Aided Engineering 

STL Standard Tessellation Language 

STRC Sports Tech Research Center 

FEA Finite Elements Analysis 

UTM Universal Testing Machine 

SW Solidworks 
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MM MeshMixer 

AQ Abaqus 

TS Test Sockets 

LS Laminated Sockets 

mm Millimeter 

N Newton 

m Meter 

Nm Newton Meter 

AOT Aktiv OrtopedTeknik 

MPa Mega Pascal 

GPa Giga Pascal 

USP Upper Steel Plate 
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Abstract 
 
The common manufacturing process of prosthetic sockets is usually a time- and labor 
consuming activity. This project’s purpose was to look for alternative manufacturing 
methods that could speed up the process and enhance the experience for the patient 
for example make some personal design or make the socket lighter. The main goal 
was to investigate which properties could be achieved by applying Electron Beam 
Melting as an alternative manufacturing process for prosthetic sockets by applying 
an earlier developed methodology. An investigation of earlier scientific works with 
the keywords (additive manufacturing, free form fabrication, orthopedic, prosthetic 
sockets and rapid manufacturing) was done as well as gathering knowledge how to 
operate and handle the machines necessary to carry out the project. An updated 
version of the methodology was developed where the design was verified using 
finite element analysis. With the updated version the methodology contained nine 
steps, which in short was as follows. First apprehend an inner socket from an 
orthopedic clinic with a pattern drawn up on it, the pattern is then transferred to a 
computer environment and manipulated to the desired shape and thickness. A 
compressive strength test, both virtual and experimental, was designed by a 
modified version of the ISO-10328 standard and the virtual design was verified 
before the socket was manufactured in the Electron Beam Melting machine. The 
manufactured socket was tested in the experimental set-up to verify the virtual one. 
The result was a personal designed socket of Ti6Al4V including the male pyramid 
for connection and a suspension system, which consisted of an inner socket and a 
one-way valve. It was concluded that Electron Beam Melting could be used as an 
alternative manufacturing process of prosthetic sockets.  
 
Key words: Prosthetic sockets, ISO 10328, compressive strength, Electron Beam Melting, 
Orthopedic.  
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1. Introduction 
Most orthopedic and orthotic appliances are prefabricated and with a minimal 
adjustment they fit most people. But there are parts that still have to be custom made 
and the process involves many different steps like casting, modeling and 
manufacturing in for example in a variety of thermoplastics. Hence, these products 
are associated with rather high costs and especially since the manufacturing process 
is heavily dependent on man craft. Another problem with these custom made parts is 
that they mostly only fabricate one copy of them and if the part is destroyed or lost, 
the whole process has to be done all over again.  
The purpose with this project was to find out if any commercial additive 
manufacturing (AM) methods can be applied to the manufacturing process of 
orthopedic and orthotic appliances, both prototype- and functional products. The 
main goal was to use a design methodology developed in an initial project, see 
Figure 1, to see if it is possible to produce a prosthetic socket (PS) with Electron Beam 
Melting (EBM) and investigate which properties can be achieved for example 
personal design, functionality and strength compared to a traditionally 
manufactured PS (NPS).  
 

 
Figure 1 - Flowchart of a methodology in how to implement AM in the manufacturing process of PS 

The initial flowchart needed to be updated to include steps for designing the 
compressive strength simulation and to verify it, Figure 2. Steps with red and dotted 
frame are the added steps and the first one could be explained in two parts 

• Design an experiment that could be applied on the manufactured design, 
including manufacturing the test rig, with the ISO-10328 standard as a 
guideline. 

• Design a simulation that would correspond to the physical test 
The last step is the experimental compressive strength test that was used to verify the 
simulation and also included a comparison test, between the TPS and a NPS, to see 
the differences in compressive strength.  
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Figure 2 - Modified version of flowchart describing the design methodology 

The method used was a single-subject research design on a lower leg amputee. 
Interviews were done with people in the field of orthopedic and orthotic appliances 
and also in the field of AM. Together with Aktiv OrtopedTeknik (AOT) a decision 
was made that the most plausible solution for this project was a support structure 
made in Ti6Al4V including the integrated connection for the prostheses. 
Delimitations were set to exclude any deeper economical calculations, only use solid 
titanium structures, use a simplified version of the ISO 10328 static compression test 
and exclude CE-framework studies.  
The projects resources were 800 hours of the master student working time. Help and 
support from personnel from both Sports Tech Research Centre (STRC) and AOT 
and full access to STRC’s laboratory equipment such as 3D-scanners, the AM 
machines and their consumables. 
An ethical application was filed to Mid Sweden University ethical advisory board; 
the recommendations were that the project didn’t need an official ethical application. 
The patient signed a contract of consent that enabled the usage of the patient’s 
plaster cast’s and pictures taken at the testing. 
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2. Theory 
This chapter presents the result of the literature review and interviews together with 
explanation the machines and the main software programs used in this project. 

2.1. Prosthetic sockets 
A PS is the part that connects the body to the external hardware for example a foot or 
a knee prosthetic, it can be seen in a simple way as a cup with an end attachment that 
the stump is inserted and fastened in.  A PS can be said to be the most important part 
of the prosthetic implements, if the fit of the PS is deficient the user might suffer 
discomforts or develop injuries. That could lead to that the user chooses not to use it 
and instead induce injuries in other parts of the body due to incorrect load 
distribution (Östersund, 2014). 

2.1.1. Manufacturing process of PS 
Traditional manufacturing process can be simplified into three steps namely 
Imaging, Adjustment and Manufacturing. Some of these steps are possible to 
digitalize with the help for example 3D Scanners and some orthopedic clinics are 
doing that, but the majority is still using the manual way. The normal process is 
presented in a simplified version in the following text 

2.1.1.1.Imaging 
When a PS is to be made the first step is to get a 3D image of the body part this is 
usually done by placing a thin layer of plaster cast around the part to be copied. 
When the plaster cast has dried it is split in two to be able to get it loose from the 
patient and later the plaster mold, Figure 3. The cast is then filled with plaster to get 
a positive model of the body part. 

 
Figure 3 - Thin plaster cast used to capture the shape of the body part 

2.1.1.2.Adjustment 
An orthopedic engineer manually adjusts the positive plaster mold see Figure 4. 
With his experience plaster is added or removed to protect sensitive areas and give 
less sensitive areas a more load bearing role for example the patella tendon. When 
this is done usually an transparent thermoplastic polymer can be warmed and drawn 
over to be used as a check socket (CS) to help the orthopedic engineer to see if the 
adjustments was done properly by letting the patient try the PS before the final 
socket is manufactured. 
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Figure 4 - Positive model of the body part in plaster 

2.1.1.3.Manufacturing 
When the final adjustments are done the mold is covered either by thermoplastic or 
by resin and some fiber matrix such as carbon- or glass-fiber to get a stable outer 
shell. Finally the connection for the prosthetic is added, Figure 4, (Ng, Lee, & Goh, 
2002) (Östersund, 2014). 

 
Figure 5 - A thermoplastic socket with an inner socket as a suspension system 

2.1.2. Different kinds of PS 
Due to the complex nature of the human body and needs a variety of PS is available 
in an array of materials. Depending of the purpose different kind of sockets can be 
manufactured. CS is usually manufactured in clear thermoplastic, for example PET-
G1, the purpose with the CS is to check the fit to the patient before a permanent PS is 
manufactured. The CS is often made thinner to make it easier to reshape for a better 
fit. The permanent sockets could be parted in two groups Thermoplastics Sockets 
(TS) and Laminated Sockets (LS). LS are the most common socket made in the Nordic 
countries and are usually made in composite materials (carbon fiber, nyglass, nylon, 
cotton stockinette or fiberglass). TS are as the name implies made by thermoplastics 
usually Polypropylene copolymer (PP), AOT who was manufacturing the sockets for 
this project is using both methods but prefers TS. (Maria J. Gerschutz, Michael L. 
Haynes, Derek Nixon, & James M. Colvin, 2012) (Östersund, 2014) 

                                                 
1 PET-G stands for Polyethylene terephthalate glycol-modified 
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2.1.3. Standard connections to prosthetics 
According to Ottobock2, a leading manufacturer of orthopedic appliances is “a key to 
success of the modular prosthetic system is the adjustable link – the adapter.” The 
adapter Ottobock referrers to is the male pyramid, Figure 6A, when inserted in its 
counterpart the bracket with four screws, Figure 6B-C, that can be adjusted in two 
planes, within a limited swing angle. These adapters were patented by Otto Bock in 
1969 and are in use around the world they also come as lamination anchors, socket 
adapters and socket attachment blocks, both female and male pyramid, which 
provide a way to integrate adapters to a socket and thus makes it possible to attach a 
standard prosthetic to the patient. (Ottobock) (Östersund, 2014) 
 

 
A 

 
B 

 
C 

Figure 6 - Standard orthopedic parts (Picture source: Ottobock) 

2.1.4. Suspension Systems 
There is mainly three ways to connect a lower leg amputee’s leg to a socket namely; 
suction, vacuum or shuttle lock. The one most common is suction type because of its 
simple construction and it easy to install on a socket (Östersund, 2014). The suction 
type works by a one-way valve between the liner and the socket that helps expelling 
the excess air and provides a suction that secures the socket to the patient. Applying 
patients own body weight when inserting the stump in the socket mainly does the 
expelling of the air. The vacuum alternative works by having a pump that creates an 
elevated vacuum between the liner and the socket and thereby creates a good hold. 
Shuttle lock is another alternative that mostly are applied for patient that have a 
lower activity levels. The method uses a pin that locks the liner to the socket in the 
bottom of the socket.  
(Ottobock) (Östersund, 2014) 

2.2. Additive manufacturing methods used for orthopedic and orthotic 
appliances 

Additive manufacturing is used to describe a number of different manufacturing 
processes but they have all have one thing common, that they all add material to 
build the part hence the name. The counter part is the subtractive method were the 
common manufacturing methods can be found as for example milling and drilling. 
The material in AM is often added as thin horizontal layers that is bound together to 
form the final design. Within the orthopedic environmental there have been multiple 
trials and studies to apply the AM as a manufacturing method, especially in the 
manufacturing process of prosthetic sockets. The reason is that AM is suitable for 
small and complex build, which the manufacturing process of PS is (Herbert, Simpson, 
Spence, & Ion, 2005). 

                                                 
2 Otto Bock HealthCare Deutschland GmbH 
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One example of a method that has taken the step from research to commercial use is 
Squirt Shape. The method has been commercialized by a company called Revsock 
and is used as a part of a complete system for amputees (Revsock, 2014). Another 
example is a collaboration project between Autodesk, researchers at the University of 
Toronto and Christian Blind Mission, Canada. The collaborations aim was to apply 
3D printing, in this case a commercial method called Fused Deposition Modeling 
(FDM), to produce “cheap, fast and easily customizable prosthetic sockets for use in 
the developing world”.  (Medgadget, 2014) Other AM methods that have been tested 
are Selective Laser Sintering (SLS), Rapid Manufacturing Method (RMM), Stereo 
Lithography (SLA), Fused Filament Fabrication (FFF) and PolyJet by Stratasys. Most 
of them has only come to the test stage or is being used as a method to produce check 
sockets because of its lack of compressive strength and fatigue properties due to the 
way the parts are produced in AM (Sengeh & Herr, 2013) (Rogers, Gittera, Boskera, 
Faustinib, Lokhandeb, & Crawfordb, 2006) (Herbert, Simpson, Spence, & Ion, 2005) 
(Freeman & Leslie Wontorcik, 1998) (Faustini, Neptune, Crawford, & Stanhope, 2008). 
 
The following subchapters is describing the above-mentioned additive 
manufacturing methods in greater detail and also describing the method that was 
used in this project, namely the EBM technique. 

2.2.1. SLA 
SLA stands for Stereo Lithography and the method uses a laser source that cures a 
liquid photopolymer. The laser cures layer by layer of the part and prior to every 
new layer the part is submerged a layer thickness into the photopolymers (Freeman & 
Leslie Wontorcik, 1998). 

  
Figure 7 - Explanation of the SLA process (Picture source: Wikipedia) 

2.2.2. FDM 
FDM stands for Fused Deposition Modeling and is a method that uses a thin plastic 
wire, usually ABS, that is fed true a channel and into a heated nozzle. The nozzle 
heats up the wire and brought out in a semi-melted state onto the building area and 
thus building up the part. Being semi melted when applied to the previous built 
layer the wire sticks and thus binding the layer together (Ahn, Montero, Odell, Roundy, 
& Wright, 2002). 
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Figure 8 - Explanation of the FDM method (Picture source: Wikipedia) 

2.2.3. FFF 
FFF stands for Fused Filament Fabrication and is built on the same principle as FDM. 
The reason why there are two names for the same process is that law protects the 
FDM process and so another new name was found for the method to be used 
without any legal penalties (RepRap, 2014). 

2.2.4. SLS 
SLS stands for Selective Laser sintering and is using a laser source to sinter or melt a 
thin layer of powder, usually plastic or metal. The workflow is that a thin layer of 
powder is applied on the building area and the laser beam melts the powder needed 
to construct the layer. Thereafter the build area is lowered a layer thickness and a 
new layer of powder is applied. This is repeated until the part is built (Faustini, 
Neptune, Crawford, & Stanhope, 2008). 

 
Figure 9 - Explanation of the SLS method (Picture source: Wikipedia) 

2.2.5. 3DP 
3DP stand for 3D printing and the method is relying on the same principle as SLS but 
differs on two points. Firstly the building material is usually starch or a similar 
compound the secondly is that instead of melting the layer together the 3DP uses 
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glue to bind the layers together. The glue is applied by a nozzle, which could be 
compared to a normal inkjet paper printer, glues together the sections that represent 
the sliced part. Then the building area is lowered a layer thickness and a new layer of 
material is applied until the whole part is built (Herbert, Simpson, Spence, & Ion, 2005). 

2.2.6. Squirt-Shape 
Squirt-Shape is a method that has been developed especially to manufacture PS at 
the Northwestern University in USA. The method uses the same principle as FDM 
and FFF but is using a wider plastic wire and is adding the material in a continues 
spiral instead of layers. This is done with the help of a modified 4-axis CNC mill with 
three-translation axis and one rotation (Rogers, Gittera, Boskera, Faustinib, Lokhandeb, 
& Crawfordb, 2006) (Northwestern University, 2014). 

2.2.7. RMM  
RMM stands for Rapid Manufacturing Machine and is another method that is 
developed especially for manufacturing PS. The method is similar to FDM and FFF 
by using a semi melted plastic wire to build up the part. The biggest difference is that 
is uses a thicker wire that result in thicker walls, up to 4 mm. (Ng, Lee, & Goh, 2002). 

2.2.8. Polyjet 3D printing 
PolyJet 3D printing can be compared to a normal ink jet printer but instead of using 
ink this method uses photopolymers that is sprayed out in thin layers and is cured 
instantly by UV-light. The benefits with this method are that is possible to mix 
different material and colors in one build. (Stratasys, 2014). 
 

 
Figure 10 - Explanation of the Polyjet method (Picture source: Wikipedia) 
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2.2.9. Electron Beam Melting – EBM 
EBM stands for Electron Beam Melting and the method is using a powerful electron 
beam to melt layers of metal powder under high vacuum and high temperature to 
produce metal components representing a 3D model defined by a CAD model, 
Figure 11. Parts produced with EBM are stress relieved and have better material 
properties compared to cast and wrought material due to that the process is 
conducted in a controlled environment (Arcam AB). 

 
Figure 11 - Description of the EBM A2 layout (Courtesy of: Arcam AB) 
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2.3. Testing equipment for compressive strength 
The testing equipment that was used in this project was an electromechanical test 
frame, Instron 5969 with a capacity of 50kN, Figure 12. An electromechanical test 
frame, also known as a Universal Testing Machine (UTM), can be used to test 
tension, shear, compression, flexure, tear, peel, cyclic and bending. The Instron 5969 
is mostly in a tensile or compressive mode and can typically be found at product 
development and R&D labs. (Instron) 

 
Figure 12 - Picture showing the Instron 5969 used for static testing 
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2.3.1. Standard test on prosthetic sockets 
As today there is no standard test how to check the compressive strength or fatigue 
on PS but instead the manufactures rely on their own expertise to make the socket 
durable. If a socket should break or deform by usage the manufacture uses this 
information and make the next socket better. This method probably causes most 
sockets to be over dimensioned when it comes to compressive strength and fatigue 
problems. (Östersund, 2014) 

2.3.1.1.Example setup 
In an effort to solve the problematic with the lack of standards to test PS to this date a 
group of researchers made modifications to the ISO-standard 10328 (see following 
chapter). The researchers changed the loading criteria to be in relation with the 
general population. They fastened the socket in a test frame using a standard four-
hole distal attachment plate and loaded the sockets via a simulated residual limb 
made in polyurethane.  Between the simulated limb and socket they positioned a 
nine mm uniform silicone liner to try and make the set up as close to the reality as 
possible. 
(Maria J. Gerschutz, Michael L. Haynes, Derek Nixon, & James M. Colvin, 2012) 

2.3.1.2.ISO 10328 - Structural testing of lower-limb prostheses 
The text showed in Figure 13 is downloaded from (ISO - International Organization for 
Standardization) webpage and describes shortly what the ISO-standard 10328 
contains. 
ISO 10328:2005 specifies procedures for static and cyclic strength tests on lower-limb 
prostheses where, with one exception, compound loadings are produced by the 
application of a single test force. The compound loads in the test sample relate to the 
peak values of the components of loading which normally occur at different instants 
during the stance phase of walking. 
The tests described in ISO 10328:2005 comprise: 

• Principal static and cyclic tests for all components; 
• A separate static test in torsion for all components; 
• Separate static and cyclic tests on ankle-foot devices and foot units for all 

ankle-foot devices as single components including ankle units or ankle 
attachments and all foot units as single components; 

• A separate static ultimate strength test in maximum knee flexion on knee 
joints and associated parts for all knee units or knee-shin-assemblies and 
adjacent components that normally provide the flexion stop on a complete 
prosthesis; 

• Separate static and cyclic tests on knee locks for all mechanisms, which lock 
the knee joint in the extended position of the knee unit or knee-shin-
assembly. 

The tests described in this ISO 10328:2005 apply to specific types of ankle-
disarticulation prostheses, to transtibial (below-knee), knee-disarticulation and 
transfemoral (above-knee) prostheses and to the distal (lower) part of hip-
disarticulation and hemi-pelvectomy prostheses. 
 
Figure 13 - Short description of the ISO-10328 standard 
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2.4. Software programs 
A large part of this project was done in a computer-based environment and a couple 
of different software programs were used to handle the tasks presented in various 
steps. These are presented shortly in the following subchapters. 

2.4.1. MeshMixer 
Meshmixer (MM) from Autodesk is software that can edit 3D-scans directly without 
any file conversion between the steps. MM can be called an STL-mesh editor and 
have been used in with good result in projects connecting PS and AM with 
developing countries to lower cost when manufacturing PS. 
(Autodesk) (Medgadget, 2014) 

2.4.2. Solidworks 
Solidworks (SW) from Dassault Systems is a Computer-Aided Design (CAD) and 
Computer-Aided Engineering (CAE) program that is running under Windows.  
SW is called a solid modeler and the design process often starts with making a 2D 
drawing which is give a 3D shape by for example extruding the drawn design. 
(Wikipedia) 

2.4.3. Abaqus/CAE by Dassault Systems 
Abaqus/CAE (AQ) from Dassault Systems is a complete package containing tools for 
modeling, visualization, advanced meshing and running Finite Element Analysis. 
(Wikipedia) 
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3. Method 
This chapter explains the work that has been done in the experimental part of this 
project and the progress is mirroring the flowchart of the methodology mentioned in 
the introduction, Figure 2 page 5. It also contains a description how the test 
procedure of the patient was done. 

3.1. Obtain inner socket 
The suspension system was to be made by AOT in the form of an inner socket in a 3 
mm thick PP-plastic. At the same time a complete NPS was ordered to have as a 
comparison and a guide for the alignment for the male pyramid. 

3.2. Draw design 
The drawn design on the inner socket, Figure 14C, represents the areas of the stump 
that need and don’t need support. These areas were chosen and drawn by AOT from 
their own experience of the patient and was a guideline for final design.  

3.3. Capturing the 3D-data 
This chapter explains the 3D-scanning process, how the drawn pattern was 
digitalized and which parts were scanned. 

3.3.1. 3D Scanning 
STRC has high end scanning equipment in their 3D-lab, ExoScan. The 3D scanner 
ExoScan, is delivered by Creaform and comes with data acquisition software the Vx 
Scan. Vx-Scan exports the scanned data in the STL3 file format to be further 
manipulated. By using this scanning equipment it was possible to obtain the drawn 
design on the inner socket. ExoScan uses laser light that reflects of the surface and 
obtains the contours of the part being scanned, in this case the scanner didn’t pick up 
the drawn lines because of the black ink absorbed the light, so the result became a 
series of loose surfaces and pattern in the scanned surfaces that could be used for 
further refinement. ExoScan also uses reflective markers to orient itself in space, 
Figure 14A, the same markers were used to make for a local coordinate system, 
cutting plane and framework. These objects was made to help aligning all the 
scanned parts with each other and take away surfaces that didn’t belong to the 
socket. The plaster cast was mounted upside down, see Figure 14B, in the middle of 
scanning table so the positive X direction left and the positive Z direction became 
upwards. So when the scanning was imported into the modeling software the socket 
was flipped and the axis correlated with a standard Cartesian coordinate system. The 
plaster cast was used as a platform when the inner socket, plastic socket and the 
inner socket with drawn design were scanned. All parts that were scanned excluding 
the plaster cast were painted with a development paint to get at better surface ta 
scan. This paint was easily removed with water when the scanning was done. The 
parts that were scanned and their use are presented below. 

                                                 
3 STL stands for Standard Tessellation Language and are a file format that describes 
three-dimensional objects only by its surface geometry. (Wikipedia, the free 
encyklopedia) 
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3.3.1.1.Plaster cast 
The plaster cast was firstly used as a platform when the other parts where scanned, 
inner socket, plastic socket and the drawn design, Figure 14C. It also lay as the base 
for the virtual model of the stump and the rubber molding. 

3.3.1.2.Inner socket without the drawn pattern 
This scanning acted as reference surface for the scanning with the drawn pattern and 
the hole for the vacuum valve. 

3.3.1.3.Inner socket with the drawn pattern 
This socket held the drawn pattern that lay as foundation for all the future work and 
also worked as the inner socket for the TPS. 

3.3.1.4.NPS with inner socket 
The NPS scanning was later used for designing and aligning the male pyramid 
against the new design. 

A B 

C D 
Figure 14 - The first steps in the scanning procedure 

3.4. Design refinement 
This chapter explains how the scanned raw data was repaired and refined to make 
the virtual model and the real model as alike as possible and how the further design 
process was done. Manipulating the scanned data and make the final design was one 



Master thesis  Per Skoglund 
MT020A  Method 

 18

of the most time consuming steps in the project, the following subchapters are 
explaining the main steps in that process.  

3.4.1. Raw data repairing 
The raw data exported from Vx-Scan was incomplete and needed repairing before 
design modeling could be started, Figure 14D. Errors were loose surfaces, holes in 
the mesh were it shouldn’t be, uneven surfaces and uneven mesh quality/resolution. 
Using various tools in Mesh Mixer repaired the errors. For example the mesh 
resolution was fixed by “remeshing” the part, meaning that the majority of the 
triangles that the mesh is built up from was resized to match the settings without 
changing the shape of the part. 

3.4.2. Drawn pattern separation 
The first step that was done after repairing the files was to locate the surfaces that 
wasn’t needed and delete it, see Figure 15, so that the surface of the inner socket was 
the only thing remaining. The next step was to locate the drawn pattern, this showed 
up in the STL mesh as an uneven and rougher part than the surrounding mesh see 
Figure 15B. The area were marked, see Figure 15C, and by using to a tool in Mesh 
Mixer called “Smooth Boundary” the edges were rounded and evened out. This was 
done for all the surfaces drawn on the socket and the end result can be seen in Figure 
15D. 

A B 

C D 
Figure 15 - Figures showing steps in the design refinement process 

3.4.3. Male pyramid alignment 
An adapter is needed in the bottom of the socket to be able to connect the socket with 
the desired prosthetic. A male pyramid adapter is easy integrated, due to its simple 
design, into the design in a later stage in the design process and manufactured as a 
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part of the socket. A pyramid adapter is normally a separate component that 
fastened either by screws or laminated in the socket and the adapter is usually made 
by steel, aluminum or titanium. So by making the socket in titanium it is also 
possible to make the adapter an integrated part of the whole structure. This will 
achieve a seamless connection between the socket and the male pyramid were 
normal sockets has a weak point (Maria J. Gerschutz, Michael L. Haynes, Derek 
Nixon, & James M. Colvin, 2012). Though this adapter is easy to integrate into the 
design for an engineer it is at the same time hard for the engineer to get the 
alignment between the leg and prosthetic right. This was solved by using the results 
from NPS scanning and used the alignment on that one to align the adapter on the 
TPS.  

A B 

C D 
Figure 16 - Figures showing steps in the alignment process of the male pyramid 

Because all of the scannings share the same coordinate system, the 3D model of male 
pyramid could be placed at the right position in 3D space when it was aligned with 
male pyramid on the scanning of the plastic socket Figure 16A. The scannning of the 
NPS was inserted in the same project as a shadow 3D object, Figure 16B. When the 
male pyramid was in aligned, Figure 16C, the scanning of the plastic modell could be 
closed and the next step of the design process could be started Figure 16D. 

3.4.4.  Additive manufacturing design 
The surface from the refinement step, Figure 17A-B, was opened in MM. The idea 
was to optimize the design by removing as much as possible of the surfaces without 
losing the areas were support was needed, for example the bottom and upper edge, 
and using the thickness of the design as the main variable in the Finite Element 
Analysis (FEA). This knowledge together with the AM technology as the 
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manufacturing process resulted in a design process that allowed a large part of 
artistic freedom. In this project the design was kept relatively simple but strived to 
have no straight curves or angles to make the final design as smooth as possible and 
make use of the AM technology, Figure 17C-D. 

A B 

C D 
Figure 17 - The design for AM procedure 

The bottom part was untouched due to the knowledge that the inner socket would 
have the majority of its support there and that it would be the surface where the male 
pyramid and vacuum valve would be attached. When the design was done a 
thickness was added to get enough stability and strength, a wall thickness on 3mm 
was estimated to be on upper limit of the thickness required to clear the tests. The 
steps to generate a wall thickness were as follows. Firstly a surface offset on 3 mm 
was done, Figure 18A, secondly the surfaces were connected to form a solid part, 
Figure 18B. At this stage the socket design had some rough edges from the offset 
stage. These edges were smooth down by the tool “Smooth” in MM and resulted in a 
more soft design, Figure 18C. The last step was to add the STRC logo to the design 
and it was placed that it would be visible from the front, Figure 18D.  
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A B 

C D 
Figure 18 - Adding a thickness to the socket design 

3.4.5. Male pyramid attachment 
A male pyramid was in an earlier stage added in its right place in 3D space aligned 
with the male pyramid on the NPS, Figure 19A. This resulted in a gap between the 
final socket design and the pyramid Figure 16D. By adding a conic STL part, Figure 
19B, the gap was bridged. Connecting the three different parts resulted in one whole 
part that was easier to handle and beginning to look as a socket. The cone element 
was still “sticking” out from the rest of the design after the merging, Figure 19C, this 
was solved by using the sculpting tool set in MM. This tool set making it possible to 
“sculpt” the STL-mesh almost as clay and was useful when the hard edges of the 
cone element were to be removed. The result was a smooth surface that made a 
seamless transition from the pyramid to the rest of the socket Figure 19D. 

A B 
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C D 
Figure 19 - Adding the male pyramid to the socket design 

3.5. Compressive strength test/simulation design 
This chapter explains how the compressive strength test/simulation was designed as 
well as how test rig was constructed and how the molding process of the stump was 
done. This step was the most time consuming step and contains a number 
subchapter and the larger subchapters has their own introduction to get a more 
detailed view. 
The main goal with this step was to construct a test that could evaluate the design 
from the previous step in a FEA software program before manufacturing. The 
approach was to design a virtual test that was built on the ISO-10328 standard and at 
the same time design and construct a test rig that could test the manufactured TPS 
and verify the virtual test. Two load cases, 1 and 2, was chosen from the loading level 
P5 do be executed and the cases can be found in Table 8 in the Static test procedure 
row in the ISO-10328 standard. 

3.5.1. Test rig design 
This chapter explains how the test rig was designed, manufactured and which parts 
it consisted of. Before the design of the virtual test the experimental test rig had to be 
designed and manufactured to be able to extract the dimension and angles needed to 
in the FEA. By using the ISO-10328 standard as a guide a test rig was designed in 
Solidworks (SW), Figure 20A. The final test rig was meant to be mounted in the 
UTM, Figure 20B, and also contain a part that connects the upper part of the socket to 
the rest of the rig, in this case a rubber mold of the stump explained in more detail in 
the following subchapters. The uneven offsets from the fastening point to the socket 
when inserted in the test rig, Figure 20A-B, correspond to the dimensions gathered 
from the ISO-10328 to simulate a certain loading scenario that could occur at normal 
use. All the parts were manufactured at a local metal workshop except the rubber 
mold, which was manufactured as a part of the project. The rig consists of six main 
groups of parts plus fastening details and is presented in Figure 20A-B where 
individual parts of the rig is pointed out and later described in detail in the following 
subchapters.  
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A 

 
B 

Figure 20 - Test rig 

3.5.1.1. Ball joints (1) 
Ball joints were needed as a connection from the UTM to the steel plates to be able to 
transfer a vertical load at an angle without transferring moment. 
As ball joints machine feet were chosen as alternative due to high compressive 
strength and low price. The feet chosen was SF-SH 80 M16 FZB, Figure 21A, and 
meaning that the foot is made of a metal compound and has a diameter of 80 mm. 
The foot can handle a maximum load of 30 000N, well over the loads being used in 
this test. The bolt is a galvanized M16 dimensioned to handle the loads in this test 

3.5.1.2. UTM grips (2) 
The UTM grips that were available at STRC didn’t satisfied the test setup so two new 
“universal” UTM grips were manufactured in Stainless Steel, Figure 21B. The grips 
have M8 holes in a pattern that matches that on the machine feet to be able to mount 
the feet directly without any adapter. See Appendix A for drawings of the grips. 

3.5.1.3. Aluminum rod (3) 
A 30 mm in diameter aluminum rod was chosen to act as the extender between the 
socket and the UTM the length was calculated to be 600 mm to satisfy the ISO-10328 
standard with the total length of the part tested on 650 mm, Figure 21C. 

1 

2 

3 

4 

5 

6 
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3.5.1.4. Standard orthopedic parts (4) 
Three different standard parts were supplied by AOT, see Figure 21D. This was used 
to connect the socket and rod to the steel plates. From the left the parts are, female 
pyramid for mounting on 30 mm pipe, female pyramid with four hole mounting this 
is to connect the socket to the lower steel plate, male pyramid with four hole 
mounting to connect the 30 mm rod to the upper steel plate. 

3.5.1.5. Steel plates (5) 
Two steel plates with 16 mm thickness were manufactured to make a stable offset 
and connection for the socket, Figure 21E. Each plate has two 16 mm holes for 
fastening the ball joints representing the two load cases chosen for the test. The plates 
also have four threaded holes for the standard orthopedic parts. For drawings see 
Appendix A. 
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Figure 21 - Pictures showing the various parts of the test rig 
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3.5.1.6. Rubber mold (6) 
This subchapter explains how the rubber mold, Figure 21F, was designed and 
manufactured. 
To be able to connect the UTM to the socket a more flexible and durable alternative 
than the plaster cast had to be found. Abic Kemi AB4 was contacted and two types of 
materials that were available in their stock were presented as a better alternative then 
plaster. The first was Polyurethane that can be found in a variety of colors and 
hardness’s but it demands a controlled environment, due to toxic fumes, when 
molding and can only be molded 10mm thickness at a time. The other alternative 
was Silicone Rubber, this can also be found in a variety of colors but have limited 
hardness, and the positive is that the silicone rubber is less toxic to handle (AB, 2015). 
Due to the less toxicity, Silicone Rubber was chosen as the molding compound and 
together with the salesman at ABIC the molding compound Elastosil 4670 RTV-2 
Silicone Rubber was chosen due to that it had the highest Shore value of all the 
silicone rubbers available. Due to the time consuming process in which the rubber 
mold was produced the presentation of the process was broken down to different 
steps and are presented in the following subchapters. 

3.5.1.6.1. Mold design 
The design for the mold was made in MM and the outer surface from the scanned 
plaster cast was used as a base and a 2 mm solid offset was made to get a wall 
thickness then a square block was added to the bottom of the structure to act as a 
support foot. STRC’s logo was also incorporated in the design such as the logo 
should appear in the rubber mold, Figure 22A. 

3.5.1.6.2. Aluminum rod alignment 
In this step the aluminum rod was designed, placed and aligned against the male 
pyramid in x- y- z –direction, the alignment was made with the notion that the z-axis 
should go through the middle of the male pyramid and the aluminum rod, Figure 
22B. Thus following the guidelines of the loading line in the ISO-standard. 

A B 

                                                 
4 Abic Kemi AB in Norrköping has been delivered chemical compound and technical 
support to for instance the Swedish car industry and model workshops for over three 
decades (AB, 2015). 
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C D 
Figure 22 - Figures showing the CAD-model of the mold and different steps of the rod alignment process 

Placement of the rod in z-direction was estimated to simulate the bone depth on a 
lower leg amputee and the value was set to 20mm, the value was set in discussion 
with orthopedic engineers. For a see through image of the placement see Figure 22C. 
The total length of the rod in the experimental setup was calculated from 
measurements taken in Mesh Mixer when the rod and socket with the male pyramid 
was positioned correctly Figure 22D. The aluminum rod was cut to a total length of 
600mm to satisfy the demand from the ISO-10328 standard of a total length of 
650mm on the experimental setup. To be able to hold the aluminum rod in the right 
position during the molding process a support was manufactured. The support was 
also designed in Mesh Mixer and started out as a rectangular box that could include 
the rod and sit on top of the mold without being in the way when pouring the 
molding compound into the mold, Figure 23A. When the box was in the right 
position, the shared areas that it had with the rod and mold was deleted resulting in 
a box that fitted exactly on the mold and contained a hole in the right angle for the 
rod, Figure 23B. 

A B 
Figure 23 - Figures showing the aluminum rod support 

3.5.1.6.3. Mold manufacturing 
When the final design of the mold and support was done in MM the STL files was 
exported to CatalystEX, which is a data preparation software program for the uPrint 
SE plus 3D printer that is located in STRC laboratory. uPrint SE Plus manufactures 
parts in ABS5 and was a suitable option to manufacture the mold in. To be able to get 
                                                 
5 ABS stands for Acrylonitrile Butadiene Styrene and is a common thermoplastic 
with a wide variety of applications. (Wikipedia, 2014) 
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the cured rubber out of the mold, it was split in two parts, the split was made in 
CatalystEX that has a tool that produces a jigsaw pattern were the part is split so the 
pieces fits nicely together after being manufactured. Due to of total length demand of 
650mm by the standard and the height limit of 300mm in the oven used to cure the 
molding compound, a shorter aluminum rod was used when molding, see Figure 
24A.  
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Figure 24 - Pictures showing different steps in the molding process 

3.5.1.6.4. Mold preparation 
Because of the uneven surfaces produces by the 3D printer the molds inside was 
covered with a thin layer Vaseline to act as a releasing agent for the Silicone rubber.  
The two main parts of the mold was assembled and held together by duct tape, it 
also worked as a seal for the seam between the halves of the mold. Before the 
mounting the rod support the support block and the aluminum rod was drilled 
through to accommodate a locking pin so the rod stayed at the same place during the 
molding process. 

3.5.1.6.5. Molding compound and casting preparation 
The two-component molding compound was measured up in a plastic bucket and 
mixed with the help of a whisk mounted on an electric drill. It was recommended by 
the salesman at ABIC Kemi AB that before the molding compound is to be used it 
should be to put under vacuum to get rid of all the air trapped in the compound 
when the mixing was done. The same oven that was going to be used to cure the 
molding compound also has the possibility to be used as a vacuum chamber, Figure 
24B. By inserting the bucket with the molding compound and set the appropriate 
vacuum and time most of the trapped air could be released. The molding compound 
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was poured into the mold and inserted in the oven and the surrounding temperature 
was raised to 150 degrees thus lowering the curing time. After 12 hours the mold was 
removed from the oven and the cast could be removed from the mold, Figure 24C.  
After the molding the aluminum rod could relatively easy be loosened and the right 
length could be installed. Final result of the rubber molding, see Figure 24D.   

3.5.1.7.Experimental setup step by step 
This subchapter explains how the experimental setup was designed to suit this 
project.  
Two loading scenarios were mentioned earlier, P5 1 and P5 2, these were modified to 
better suit this project. Each scenario had a pre-test procedure before to make sure 
that the setup wouldn’t suffer a too large deformation, if that were the case the socket 
wouldn’t continue to the real test. In Table 1 the loads connected to each scenario is 
presented. The different steps in the test procedures are presented in the following 
subchapters. 
 
Abbreviations P5 1 P5 2 

Fstab 50 N 
Fset 1024 N 920 N 
Fsp 2240 N 2013 N 
Fsu 4480 N 4025 N 
L1, L2 Total length between the steel plates excluding the 

plates thickness 
D1 Permanent deformation 
Table 1 - Explanation of the two loading scenarios  

3.5.1.7.1. Deformation static test procedure 
This test procedure is a pre-test and was in this project used to make sure that the 
setup wouldn’t sustain a too large permanent deformation. The steps are as follows 
and they correlate with the different blocks in the loading curve presented in Figure 
25. 
 

1. Apply Fset 
2. Wait 30 s 
3. Unload 
4. Rest 10 min 
5. Apply Fstab 
6. Measure total length between the plates L1 
7. Apply Fsp with 100N/s 
8. Wait 30 s 
9. Decrease to Fstab 
10. Measure total length between the plates L2 
11. Calculate L1 – L2 = permanent deformation D1 
12. D1 shall not exceed 5 mm 
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Figure 25 - Curve representing the loading scenario for the deformation static test 

3.5.1.7.2. Ultimate static strength test procedure 
This test procedure was used to test the ultimate compressive strength the sockets 
could manage before they broke. The steps are as follows and they correlate with the 
different blocks in the loading curve presented in Figure 26. 

1. Apply Fset 
2. Wait 30 s 
3. Unload 
4. Rest 10 min 
5. Apply Fstab 
6. Apply Fsu with 100N/s 
7. Record the value when the sample breaks 

 

 
Figure 26 - Curve representing the load scenario in the ultimate static test 

3.6. Compressive strength simulation 
This chapter explains how the compressive strength simulation was designed from 
the results from the previous step such as dimensions and forces.  

3.6.1. Compressive strength simulation design 
To be able to evaluate the socket in a virtual environment a CAD model and a FEA 
software program was needed. The CAD model of the test rig was already available 
from the construction drawings and the socket parts were also available as a 
computer model. STRC had Abaqus (AQ), see chapter 2.4.3, available to use. To 
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make the FEA less complex and easier for the software to handle, parts of the test rig 
was excluded. Parts left in the virtual setup were the TPS, inner socket, rubber mold 
and the aluminum rod. Due to the time consuming process when optimizing the 
design and thickness only loading case P5 2 was used as an active scenario. But both 
cases were tested on the final design. 

3.6.1.1.Force and momentum calculations 
Part of the rig was missing when inserted in AQ so the main force had to be 
recalculated to fit the virtual setup. Because that the main force was applied to the 
upper steel plate (USP) at an angle via the ball joint, the force had to be broken down 
its three components. The components were calculated that they were laying aligned 
with the same coordinate system that the steel plates were using, to make it easier to 
applying them to the virtual setup. The force components were found by open up the 
assembly of the test rig in SW and use the loading line, Figure 27A, that went 
through the middle of the ball joint and draw a parallel line in the USP going 
through the middle of the fastening hole for the ball joint. So when opening the USP 
by itself a line was available, Figure 27B, which represented the direction of the 
applied main force when the part is mounted in the test rig. The line was used to add 
a solid rod in the direction of the line another rod was added were the socket 
components should have been added, Figure 27C. The rods were added to be able to 
apply boundary conditions into the USP and calculate the components, Figure 27D. 
When the rods were in place a FEA was started and the main load was added to the 
first rod constructed and the second rod acted as a fastening point. The FEA was run 
and part of the result was a possibility to look at the force resultants acting on the 
part.  

A B 

C D 
Figure 27 - Force calculations in SW 
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The thing to remember here was that the resultants were in the opposite direction to 
what was needed because the FEA shows the opposite forces to the main forces in all 
three directions. So the direction was turned for the force components. The next step 
was to calculate the momentums needed to be added to the virtual setup due to the 
lack of parts. The momentums were calculated by using the known force 
components and the known length in, x-y-z direction, from where the main force was 
added and the point where the virtual setup started. These lengths were easily found 
by using the blueprints for the USP and measuring the ball joint see Figure 28. The 
results and formula used in the calculations are found in the Table 2. The whole 
procedure was done twice to calculate for both loadings conditions. 
 
Explanation  Abbreviations P5 1   P5 2  

Main force  F 4480  N 4025  N 

Components in the x-y-

z direction 

Fx -737  N -114  N 

Fy -773 N 405 N 

Fz -4350  N -4003  N 

Offsets from the center 

of the prosthetic 

bracket 

x 0,079  m 0,055  m 

y 0,082 m 0,04 m 

z 0,036  m 0,036  m 

Torque calculations in 

the Y-Z plane (Mx) 

Fy*z -27,828  Nm 14,58  Nm 

Fz*y -356,7 Nm -160,12 Nm 

Mx = (Fy*z)+(Fz*y) -384,528  Nm -145,54  Nm 

Torque calculations in 

the X-Z plane (My) 

Fx*z -26,532  Nm -4,104  Nm 

Fz*x -343,65 Nm -220,165 Nm 

My = (Fx*z)+(Fz*x) -370,182  Nm -224,269  Nm 

Torque calculations in 

the X-Y plane (Mz) 

Fx*y -60,434  Nm -4,56  Nm 

Fy*x -61,067 Nm 22,275 Nm 

Mz = (Fx*y)+(Fy*x) -121,501 Nm 17,715 Nm 
Table 2 - Torque components calculation 

 
A 

 
B 

Figure 28 - Drawings of the steel plates showing the offsets in x-y that were used in momentum 
calculations 
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3.6.1.2.STL import in Abaqus 
All the files for the FEA were in STL-format and were imported in AQ trough an 
add-in due to that the STL file was a mesh model not a solid or a surface model. This 
resulted in an orphan mesh whenever a STL file is imported and an orphan mesh is a 
mesh without any solid parts connected to them. Normally a part is imported and a 
mesh is constructed around the part to section the part up before running a FEA on 
it. An orphan mesh is already a mesh but the quality/resolution of it is connected to 
the quality/resolution of the original STL file. The imported meshes were scaled 
down 0,001 time because AQ uses basic SI units. Meaning that importing files from 
MM that are using millimeters as a base unit compared to AQ that are using meters 
as the base unit can cause significant errors in the results. Because STL files only are a 
surface mesh and to be treated as a deformable part the mesh needs to be solid, so a 
triangle to tetrahedrons conversion was done transforming the surface model to a 
solid model.  All the files but the aluminum rod was set to be deformable, the 
aluminum rod was set to be non-deformable thus making the simulation faster. 

3.6.1.3.New coordinate system development 
The coordinate system that the parts was imported with came from the scanning 
setup and had some alignment errors because the z-axis was set after the iron rod 
molded in to plaster cast. The iron rod was used to fasten the plaster cast to the 
scanning table and thus it became the z-axis. A new coordinate system should be 
aligned with the aluminum rod, which in turn was aligned with the male pyramid so 
the z-axis goes straight through the assembly centered in the middle of the 
aluminum rod. The new coordinate system should also in the end also be aligned 
with the coordinate system used in the force calculations thus aligning the whole 
setup.  

 
Figure 29 - Figure showing bottom part of the TPS and the lines used to construct a new coordinate 
system 

The x-y axis was set with help of the edges of the male pyramid see Figure 29, a line 
was set to be parallel to an edge on the male pyramid representing the x-axis on the 
real model (A). Another line was made laying on bottom flat surface on the pyramid 
and being parallel with line A and going through the center point on the bottom hole 
(C). The line set to be perpendicular with C and going through the center point in the 
bottom hole (B). The line C is the new X-axis and B the Z-axis together the Y-axis 
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could be calculated and by combining the three lines a new coordinate system could 
be built up. Positive directions are Y-forward, X-right and Z-upwards. By using this 
coordinate system for the force calculations the setup was aligned with the 
experimental setup. 

3.6.1.4.Material properties 
The material properties applied in AQ are presented in Table 3. The properties for 
Ti6Al4V were gathered from Arcam’s6 webpage (Arcam AB) and PP the material 
database in SW. For the Silicon rubber a linear relation calculation between Shore 
value and E-modulus was used to find out the E-modulus Equation 1. Shore value 
for Elastosil 4670 is 55 A (Wacker Chemie AG). 
 
Material E-Modulus Poisions ratio Yield strength 

Polypropen co polymer 1,103 GPa 0,42   

Ti6Al4V 120 GPa 0,3 0,950 GPa 

Silicon Rubber 0,003 GPa 0,48   

Table 3 - Material properties inserted in Abaqus 

 
Equation 1 - Relationship between E = E-modulus and S = Shore value type A hardness (Wikipedia) 

3.6.1.5.Boundary conditions 
The boundary conditions between the different parts in the setup were in this project 
simplified and set to “Tie”, a tie constraint is providing according to AQ “A simple 
way to bond surfaces together permanently”. The main reason why tie was chosen as 
the overall boundary condition was that in fore hand the friction was estimated to be 
high enough that the parts in setup wouldn’t move in relations to each other. It was 
estimated with the notion that the majority of the main force was following the z-axis 
straight through the setup thus pressing the parts together making it a non-moving 
setup. The second reason was time restrictions to get a working simulation.  

 
A 

 
B 

Figure 30 - Figure A showing the TPS fastened in the rig, Figure B shows the boundary condition that 
representing the fastening in Figure A 

                                                 
6 Arcam AB, Mölndal, Sweden 
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Marking the area that the bottom bracket in the real setup envelops and setting all 
the nodes in the marked area to the boundary condition “encastre”, resulted in a 
virtual  
Boundary condition that resembles the real setup Figure 30A-B. 
Encastre means that all freedom degrees regarding both translation and rotation are 
locked. 

3.6.1.6.Applied loads and momentums 
A reference point was created in the middle of the top surface of the aluminum rod 
making it possible to applying the forces and momentums, Figure 31A-B, Figure 
32A-B. The loads were set into the new coordinate system described in chapter 
3.6.1.3, so the loading line were straight through the rig and perpendicular to the 
bottom surface of the male pyramid. In Table 2 the loads and momentums used in 
the FEA could be found. 
 

 
A 
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B 

Figure 31 - Figure A is showing the force directions in loading scenario 1, Figure B is showing the force 
directions of loading scenario 2 

 

 
A 
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B 

Figure 32 - Figure A is showing the momentum directions in loading scenario 1, Figure B is showing the 
momentum directions of loading scenario 2 

3.7. Final design 
This chapter contains the design changes done to the first design and how the final 
design was done. 

3.7.1. Design changes on the TPS 
The first design had an overall 3 mm thickness with STRC’s logo incorporated in the 
front of the socket see Figure 19D. This design was made to communicate the 
opportunities and the ideas with the persons involved in this project. Together with 
AOT in Östersund the first design was changed to give better support at sensitive 
areas of the stump. The final design incorporated the STRC logo in an area that the 
stump didn’t need support, Figure 33A-D. The preliminary results from the FEA in 
AQ also suggested that the overall thickness of the socket could be lowered to 2mm 
and still be within the limits of stresses in the material when following the guidelines 
in loading case P5 2 in ISO-10328. 

A B 
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C D 
Figure 33 - Pictures showing the final design of the TPS 

3.8. Manufacturing in AM 
In this chapter the process of manufacturing the TPS is explained. Firstly it was 
produced in plastic and then in the EBM-machine. The chapter also contains price 
estimations and post manufacturing steps. 

3.8.1. Prototype design 
Before the final design was manufactured by EBM a prototype design was 
manufactured at STRC’s 3D lab in ABS, Figure 34A-B, to make it possible to test it 
against the inner socket to get a feeling for the tolerances that were needed. The 
prototype was also displayed to the persons involved in the project including the 
patient and AOT to get the final permission to manufacture it.  

 
A 

 
B 

Figure 34 - Pictures showing the plastic version of the TPS 

3.8.2. Final design 
The TPS was manufactured in an A2 EBM machine delivered from Arcam. Handling 
of the EBM-machine before and after the manufacturing process is presented in 
shortened versions in following subchapter. This describes roughly the main steps, 
there are a number of other steps and safety procedures that needs to be executed 
before the machine is ready to be handled. So this is not to be used as a manual to 
operate an EBM machine from Arcam.  
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3.8.2.1.File preparation 
The STL file with the final design was exported to Magics7 where it was checked for 
errors, for example bad mesh elements or holes. The next step was to orient the 
socket to a desirable location in space. In this case the desirable orientation was to 
align the bottom of the male pyramid with the upper surface of the building surface, 
meaning that the socket was being built standing up Figure 35A. When properly 
oriented the TPS needed to be scaled to compensate for the cooling contraction in the 
material. The next step was to add support structures for the overhanging surfaces, 
this is an automatic toolset in Magic’s Figure 35B. The support structures is mostly 
thin surfaces that connects to the overhang and helps the heat from the melt process 
to distributed into the rest of the build, if the support is missing or to small the risk is 
that the part becomes warped. When the orientation and support generation is 
complete the STL-files is saved and exported to file preparation software called Build 
Assembler (BA). BA is a software program that prepares the files to a format that the 
EBM-machine can handle. In BA the STL file and the support file is sliced into 
0,05mm thin slices in z-direction and packed together in an ABF file that can be 
loaded in the EBM-machine to be manufactured, Figure 35C. When the ABF file is 
exported to the EBM-machine it is possible to run a simulated build, meaning that 
manufacturing process is simulated to make sure that the file is ok and get a build 
time estimate. This was done on the TPS, Figure 35D, the other parts showing in the 
figure is some other parts inserted in the build to get a more even distributed heat in 
the build. 

 
A B 

C 
 

D 
Figure 35 - File preparation steps 

                                                 
7 A user-friendly STL editor and data preparation for Additive Manufacturing 
(Materialise) 
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3.8.2.2.Preparing the machine for manufacturing 
Before the job can be started the machine needs to be prepared. A shortened version 
of the steps required to prepare the EBM for manufacturing is presented here. 
  

   
Ventilate the vacuum chamber 
with air and wait until the 

pressure is right. 

Open the door to access 
the inside of the vacuum 

chamber. 

Removing the heat shield 
assembly to get access to the 

building area. 

   
The powder hoppers need to be 
filled with enough Ti6Al4V 
powder to sustain the build. 

A start plate is required, 
in this case a 150*150*10 
mm stainless steel plate. 

The plate centre is 
marked to be able to 
centre the plate in 

relation to the building 
table 

A temperature barrier is 
needed between the build 

and the surrounding area, in 
this machine an estimated 40 
mm thick layer of powder is 

used. 

   

The powder bed is leveled with 
help of the rake to an even 

surface to place the build plate 
on 

The build table is 
lowered 10 mm 

accommodate the start 
plate 

The bottom thermo couple 
sensor for the start plate is 
placed in the middle of the 

powder bed. 

   
The plate start plate is inserted 
and leveled in relation to the 

rake 

The bottom covers to the 
hoppers is removed 

The rake is used to pick up 
powder from the sides and 
even out the gaps bewteen 
the plate and powder bed. 
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Vacuum the startplate that until 

no powder is left on it. 
Install the heats shield 

assembly 
Close the door engage the 

start up sequences. 
 

3.8.2.3.Unloading the machine after manufacturing 
When the EBM process has stopped the part being built needs to be taken out of the 
machine to be post processed. A shortened version of the steps required to unload 
the EBM for manufacturing is presented here. 

   
Wait until the temperature 

has reached the 
appropriate level. 

Ventilate the vacuum 
chamber with air and wait 
until the pressure is right. 

Open the door to get 
access to the inside of the 

vacuum chamber. 

Insert the hopper bottom 
covers. 

   
Removing the heat shield 
assembly to get access to 

the building area. 

Inspect the build area so if 
something needs to be 

changed before next build 

Vacuum all the loose 
powder around and inside 

the build table 

   
Raise the build until it is 
possible to lift it out and 

remove it 

Use a hammer to “crack” 
the sintered powder that 
have been under the start 

plate 

Prepare to move the build 
and the bigger parts to the 
powder recovery system. 
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Vacuum out any 

remaining sintered and 
loose powder from and 
under the building area 

Close the door and 
activate the powder 

protection mode if not 
another job is going to be 

started. 

Insert the build and the 
sintered powder parts into 

the powder recovery 
system and clean out the 

built parts. 
 

3.8.2.4.Post processing 
As explained earlier the complete build of the TPS was lifted into the powder 
recovery system to clean the parts manufactured. The recovery system uses the same 
powder that is used by the building process together with compressed air to blast the 
sintered powder, which covers the parts, away to be reused. When the TPS was free 
from the sintered powder there was still the thin support structures that where 
designed in Magic’s, Figure 35B, to remove. Due to their thin construction these was 
easy to remove with a metal plier. The last thing done with the TPS in the step was to 
use a sander to improve the surface of TPS. When the post manufacturing work was 
done the TPS could be handled and test fitted against the inner socket, Figure 36. 

 
A 

 
B 

Figure 36 - The EBM manufactured TPS 

3.8.3. Price estimations 
When manufacturing by AM technologies the price calculations are different from 
ordinary manufacturing processes due to the way the parts are produced. Often the 
largest costs by ordinary manufacturing is man-hours, by AM it is machine time and 
consumed materials. The calculations were done in Arcam’s own computation 
matrix and the result was compared to the NPS manufactured at AOT. But for 
wishes from AOT the prices were set to be comparison numbers with the NPS as 1. 
Because any 3D printer that supports the STL format could manufacture the TPS, the 
TPS file was sent out on quotations to an international service bureau for 
manufacturing in Titanium. 
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3.8.4. Weight comparison 
Both sockets, TPS and the CPS, were weighed with the inner socket mounted. This 
was done on a digital scale with single gram accuracy and the load limit 5 kg. 

3.9. Compressive strength test 
This chapter explains how the experimental test was executed and how the tests rig 
was prepared before the test. 

3.9.1. Rig assembling and aligning 
To be able to compare the FEA with the compressive strength measurements in a 
satisfactory way, the setup needed to be adjusted to resemble the virtual setup as 
closely as possible. The rig was only partly assembled to make it easier to align the 
individual parts with each other. The parts that were put together were aluminum 
rod, steel plates, orthopedic parts, rubber stump and the socket being tested. By 
using a spirit level and a vise the individual parts was adjusted and aligned. Firstly 
the steel plates needed to be aligned with each other, this was done by fasten the 
aluminum rod in the vise and make it level, Figure 37A. Laying the level spirit on the 
female pyramid respectively the male pyramid, which was mounted on the steel 
plates, and turning the socket and pipe bracket around the aluminum rod until it 
showed leveled aligned the plates with each other.  
 

 
A 

 
B 

 
C 

Figure 37 - Pictures showing the steps when aligning the steel plates with each other’s 

Secondly the pyramids needed to be aligned so the loading line became parallel with 
the aluminum rod and perpendicular with the steel plates. By mounting the rig in the 
vise leveled vertically, Figure 38A, the steel plates could be leveled in x-y-axis by 
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adjusting both the female pyramid brackets, Figure 38B-E. These steps were done on 
both sockets, TPS and NPS, before the rig was mounted. 

 
A 

 
B 

 
C 

 
D 

 
E 

Figure 38 - Pictures showing the steps when aligning the socket against the rig 
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3.9.2. Rig mounting 
The parts of the rig that wasn’t mounted at the alignment step, UTM grips and ball 
joints, was mounted in the UTM to make it easier to mount the whole rig in the 
UTM. Firstly the aligned setup was lifted in and the lower ball joint steel axis was 
inserted in the lower steel plates hole that represented the loading scenario P5 2. 
Secondly the UTM crosshead was raised that the upper ball joint steel axis could be 
attached to the steel plate thus completing the rig for the test, Figure 39. 

 
Figure 39 - The complete test rig with a plastic socket mounted 

3.9.3.  Compressive strength test executed 
Both loading conditions, P5 1 and P5 2, were tested in Abaqus but only loading 
condition 2 was used in the UTM, due to limited numbers of prosthetic sockets in 
both plastic and titanium. The steps for the compressive strength test P5 2 that were 
described in chapter 3.5.1.7 was entered in the UTM. The deformation static test was 
only executed when the TPS was mounted and were done to test that the rig didn’t 
suffer a too large permanent deformation when loaded. The TPS were mounted due 
to a higher calculated compressive strength and was estimated to not suffer a 
permanent deformation at that load level. The ultimate static test was done on both 
sockets, TPS and the NPS, to get a reference point on how much a normally built 
socket would take in compressive load compared to the TPS.  

3.10. Patient test 
By testing the TPS on a patient subjective view on the TPS could be gathered. The test 
was performed in AOT’s workshop with an orthopedic engineer present to make 
sure the proper safety precautions and adjustments were followed Figure 40A-B. The 
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test procedure was done in three steps; test the TPS unloaded Figure 40C, test the 
TPS loaded Figure 40D and finally the patient described what it thought about the 
TPS and project in whole. Figure 40D shows the TPS side by side with the PS in use. 
 

 
A 

 
B 

 
C 

 
D 

 
E 

Figure 40 - Pictures showing the test in the patient 
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4. Results 

4.1. Literature review 
A number of different AM techniques have been tested as an alternative 
manufacturing process for PS.  Some of them have taken the step to be a commercial 
method others have just been tested to see if there were a suitable alternative. This 
investigation hasn’t found any earlier works that EBM or similar metal AM method 
has been tried in PS manufacturing. 

4.2. FE-analysis in Abaqus 
Results in form of von Mises stresses from the FEA in Abaqus is presented in Figure 
42 and Figure 43, the color representing von Mises stresses starting at 0MPa = deep 
blue to 950MPa = red which is the yield strength for Ti6Al4V, Figure 41. Both cases, 
P5 1 and P5 2, were tested but only P5 2 was used as result for the final design. 
Results in form of deformation plot from the FEA are presented in Figure 44 and 
Figure 45, the deformed shape (rainbow) is superimposed on non-deformed shape 
(translucent).  
 

 
Figure 41 - Color scale of the von Mises stresses in the FEA 
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Figure 42 - The results showing von Mises stresses from the FEA on loading scenario P5-1 in Abaqus 
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Figure 43 - The results showing von Mises stresses from the FEA on loading scenario P5-2 in Abaqus 

 
Figure 44 - The results showing deformations from the FEA on loading scenario P5-1 in Abaqus 
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Figure 45 - The results showing deformations from the FEA on loading scenario P5-2 in Abaqus 

4.3. Deformation static test 
When the deformation test was completed the rig suffered a 3mm permanent 
deformation, Figure 46. Which were within the limits of the ISO-10328 standard that 
approved a permanent deformation below 5mm. 
 

 
Figure 46 - Curves showing the load and extension of the deformation static test 

4.4. Ultimate strength static test 
The conventional made socket broke at 3170 N, Figure 47. The failure was located at 
the lower backside of the socket in the joint between the plastic and the male 
pyramid adapter, Figure 48. The TPS didn’t break when the maximum load was 
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reached (4025 N) and the test was ended before the TPS broke due to the uncertainty 
of the strength of the rig. 

 
Figure 47 - Curves showing the time and load for the ultimate static strength test 

 
A 

 
B 

Figure 48 - Pictures showing the break that occurred on the NPS 

4.5. Patient test 
The overall results from the patient test was that the patient didn’t feel any 
significant difference between the TPS and PS it was normally using. The patient 
thought that the possibility to add personal design on the socket was very interesting 
and important. 
Both the patient and the orthopedic engineer also thought it was good be certain that 
the socket could withstand a high level compressive test without breaking, this is not 
the case with the traditionally manufactured PS. When the PS is manufactured the 
traditionally way the compressive strength is estimated by the orthopedic engineers 
experience and there is of course uncertainty’s in that workflow.  
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4.6. Summed results 
In Table 4 the summed results from the comparison study is shown. The price 
comparison only shows the manufacturing cost not the cost for the man hours in the 
design process. 
 
Sockets Weight inclusive 

inner socket 
Price comparison  Ultimate 

compressive 
strength 

TPS manufactured 
at STRC 

527 g 3,5 > 4025 N 

NPS manufactured 
at AOT 

462 g 1 3170 N 

TPS manufactured 
at external source 

 4  

Table 4 - Summed results 
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5. Conclusion and final discussion 

5.1. Goal achieved 
The overall conclusion is that it is plausible to use the EBM method as an alternative 
or a complement to the manufacturing process of prosthetic sockets as it is today. 

5.1.1. Secondary goal achieved 

• A working flowchart for manufacturing PS with the EBM technology. 
• Learning the basics in Abaqus. 
• Deeper understanding of Finite Element Analysis’s  
• Deeper understanding of the EBM-process and handling the A2 machine from 

Arcam. 
• Deeper understanding of the STL format and its limitations. 
• Deeper understanding of Additive Manufacturing as a process 
• An understanding of the manufacturing process of prosthetic sockets and the 

surrounding problems. 

5.2. Benefits and drawbacks with the TPS 

5.2.1. Benefits 

• AM methods have benefits such as long there is a file with the 3D model of the 
part manufactured the process can repeated infinite number of times. 

• Additive manufacturing service bureaus is predicted to grow in numbers so 
the method is going to be more available for customer. 

• Thanks to the freedom of design, the AM methods are offering the design of 
the support structure that is limited only to the designer’s imagination and of 
course the material properties. 

• As long there is a digital 3D model of the part, it is possible to manufacture 
infinite numbers of copies. 

• With the possibility to do a FEA before the part is manufactured the 
compressive strength can be secured without testing it physically. 

5.2.2. Drawbacks 

• Though manufacturing using AM methods has in recent years been more 
available due lower prices, the metal AM methods are still expensive 
compared to traditionally manufactured PS which this study proved. 

• The overall design seems to be mainly covered by a silicone liner stretching 
from mid-thigh to the lower part of the socket to protect from air getting in the 
socket loosening. So the design part doesn’t play as large part as was 
predicted in the beginning. 

5.3. FEA versus experimental setup 
Looking at the results from the FEA on loading scenario P5-2 and especially the view 
from the bottom, highlighted Figure 49A. That there is an area of increased 
compressive stress that disregarding the other areas of increased stress could lead to 
a similar failure as highlighted in Figure 49B if the simulated socket would have the 
same composition. This could point to that the virtual and experimental setup is 
similar and proving that the boundary conditions, load momentum directions are 
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correctly applied. Making FEA on a virtual model of the NPS and have a couple of 
NPS’s to put to the test would better verify this. 

A B 
Figure 49 - Figure A shows an increased stress at the same place that the break occurred in the plastic 
socket figure B 

The design of the TPS was evaluated in Abaqus to withstand the applied force of 
4025 N before manufactured and the results concluded that the socket had no 
problem with that magnitude of force. So this also proved that the compressive 
strength calculations together with FE-model was correct, though this would also be 
needed to be tested with more sockets to be certain. 

5.4. CE-certification 
Due to the construction of the TPS that it is including the connection for the 
prosthetic the socket needs to CE-certified before it can be used. Traditionally the 
connection is a separate part that is added to the socket, which is already CE-
certified, and then the orthopedic engineer certifies the whole socket. By using his 
experience and a thorough workflow when the socket was manufactured, he and/or 
the clinic can take responsibility over the socket. The TPS is probably not going to be 
manufactured by an orthopedic engineer, which leads to that the manufacturer of the 
TPS probably needs to set up a CE-certification framework for the manufacturing 
process and certify the socket before it is delivered to the customer.  

5.5. Methodology 
The original methodology that was presented in the introduction, Figure 1 page 4, 
was lacking a couple of steps and some steps could be deleted due to they were 
unnecessary. The following subchapters present versions of the flowchart that would 
be more effective to apply. 

5.5.1. Methodology 1.0 
The first and second step was merged to make flow chart smaller and neater. A 
double-sided arrow was added between the third and fourth step to visualize the 
feedback loop needed to optimize the design. By using AQ as the software to do 
compressive strength simulation the file conversion step were obsolete and thus 
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removed from the flowchart. 

 
Figure 50 - Flowchart 1.0 

A short summary to the updated content of different steps in flowchart 
• Obtain the inner socket with drawn design 

An orthopedic engineer or person with similar knowledge manufacture the 
suspension system and draw up the design of the outer shell of the socket. 

• Capture 3D design 
Use a 3D scanner that can catch the pattern drawn on the suspension system 

• Design refinement 
The design is refined and a thickness is added to design and optimized with 
the result from the FEA. 

• Compressive strength simulation 
The socket is tested against a virtual version of the ISO-10328 standard 

• Final design alterations 
Personal design requirements are added.  

• Manufacturing 
The STL file is sent to a service bureau for manufacturing, which can provide 
the material desired. 

 

5.5.2. Methodology 2.0  
The design methodology could be even more simplified for example by using digital 
scanning’s of the patient instead of plaster casts. This was the orthopedic engineer 
can modify the digital version of the scanning and when done send the file to a 
designer, so the two first steps could be merged Figure 51A. Using a more advanced 
FEA software the third and fourth step could also be merged, Figure 51B. There are 
FEA software’s that have a built in design optimizing loops that are retrieving the 
results from the FEA and applying them to the design automatically. These two 
changes could speed up the design process radically. 

Obtain inner socket 
with drawn design

Capture 3D design Design refinement

Durability 
simulation

Final design 
alterations

Manufacturing
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Figure 51 - Flowchart 2.0 

5.6. Summed results 
When it came to the weight comparison the result just showed the difference 
between the TPS and the NPS in this project. It is possible to make the TPS lighter by 
removing excess material, especially around the connection between the male 
pyramid and the socket design. For example by adding the male pyramid directly to 
the socket design without using the “cone” part to bridge the gap, chapter 3.4.5, the 
TPS would be lighter. Due to the nature of this project that the TPS should have the 
same dimensions as the NPS to be able to do the compressive strength comparison 
the TPS couldn’t be made lighter by changing the male pyramid orientation. 

5.7. Sources of errors 
While the project was running errors were found and often things that wasn’t 
thought of due to the size of the project. The majority of these errors could be 
corrected inside the timeframe of the project. But some of them were estimated to be 
too time consuming to correct and where left to be explained in the following sub 
chapters. 

5.7.1. FEA 
The FEA simulation contained a number of uncertainness due to the complex nature 
of the STL file used. A solution could have been to set aside more time to the 
conversion process of the STL file and the whole simulation. The amount of time set 
aside to the simulation was already set pretty high due to that it was the first time 
AQ was used by the student and it took a large part of the time learn the program. 

Obtain inner socket 
with drawn design

Capture 3D design Design refinement

Durability 
simulation

Final design 
alterations

Manufacturing

A 

B
2 
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5.7.1.1.Inner socket 
The inner sockets thickness was estimated to be 3mm all over but because of how the 
inner socket is made, a 5mm thick PP plate is heated then draped and formed over a 
plaster cast, the all over thickness will vary.  

5.7.1.2.Rubber mold 
The fastening of the aluminum rod in the molding compound compared to the FEA 
wasn’t fully accurate because of the difficulties to get hold of glue that could stick to 
both silicon rubber and aluminum. The solution could be to make the end of the rod 
that is put down in molding compound very uneven to get the silicone rubber to get 
hold of the rod. This would mean that the oven couldn’t be used due to the height 
and results in a longer curing time for the molding compound. 

5.7.1.3.TPS 
By importing the STL in Abaqus the FEA mesh became the same as the STL mesh 
and thus resulting in a FEA mesh that wasn’t optimal to do analysis on. 

5.7.1.4.Aluminum rod 
In the FE-analysis the rod was set as a non-deformable part meaning that the rod is 
excluded from the simulation. This isn’t the case in reality, when the test rig was at 
maximum load the aluminum rod could be seen to begin to buckle. The solution 
would be to change the material in the rod to something more durable, for example 
stainless steel. 

5.7.2. Manufacturing in EBM 
In this investigation the socket was produced standing up that resulted in support 
structures were the connection to the female pyramid are, the support structure is 
easy to remove but leaves a rough uneven surface that needs to be machined. In this 
investigation the uneven sources could have resulted in bad connection to the female 
pyramid and an uneven load distribution. The solution for this is to build the socket 
upside down to get the connection surfaces without any obstructions. This would 
have been tried if sufficient free time on STRC’s EBM-machine were available under 
this project. 

5.7.3. Experimental setup 

5.7.3.1.Loading cases 
After the tests were done it was discovered that the two loading scenarios had been 
switched in the UTM. This resulting that loading scenario P5 2 had been conducted 
with P5 1 loads, see Table 5.  Because the loads were switched to a higher alternative 
the errors in the results would be in the Deformation Static Test, where the higher 
loads would result in higher permanent deformation. In the Ultimate Strength Test 
the higher loads only meant a higher load level that the socket should pass and 
didn’t change the final results.  
Abbreviations P5 2 

Fstab 50 N 
Fset 920 N � 1024 N 
Fsp 2013 N � 2240 N  
Fsu 4025 N � 4480 N 
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Table 5 - Switched loads 

5.7.3.2. Low E-modulus on the silicone rubber 
While the experimental test was running it was concluded by visual inspection that 
the silicon rubber had too low E-modulus for the experiment, this was something 
that was suspected from the start but could only be tested while tests were running. 
This resulted in a setup that wasn’t mirroring the reality where the human tissue 
would give more resistant than the silicone rubber and give a more even force 
distribution to the TPS. To test this an FEA was set up with the same parameters 
except the E-modulus on the silicone rubber, this was changed from 3MPa to 
100MPa. The result is shown in Figure 52 and Figure 53 and is concluded that to get a 
more realistic force distribution some material with higher E-modulus than silicone 
rubber is recommended. But by testing the same values in the virtual and 
experimental tests the methodology was verified. 
 

Figure 52 - The results from the FEA loading scenario P5-2 with higher E-modulus on the silicon rubber in 
Abaqus 
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Figure 53 - The results from the FEA on loading scenario P5-1 with higher E-modulus on the silicon 
rubber in Abaqus 

5.8. Future work 
To be really certain that the forces, strains and deformations were equal between 
FEA and the experimental setup a Digital Image Correlation (DIC) system should be 
applied together with a couple of more sockets to put to the test.  The CE-certification 
process needs to be studied to be able to commercialize this idea in the future. 
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