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Abstract

Cavitary bone defects are common in orthopedic surgery and may be present after curettage of benign
tumors or as tumor-like lesions. Bone graft substitutes, especially from biocompatible materials, can
be used as a solution for filling up those defects. However, these cavitary bone defects differ in size and
location. It would therefore be convenient to utilize an implant that can change its shape according to
its surrounding 3D environment, meaning there is not need to customize the implant for every patient
case.

In the last decade, additive manufacturing (AM) techniques have been the driving force behind
the fabrication of complex three-dimensional objects. The various assets of these procedures enable
the production of very complex designs with appropriate material properties. These materials that
are engineered to exhibit certain properties are referred to as meta-materials. Functionalizing these
materials on a nano-scale, to have certain biological or mass transport properties, brings us to a new
class of materials better known as meta-biomaterials. In this regard, highly deformable implants with
novel properties can be referred to as meta-biomechanisms, consisting of multiple interconnected joints.

The current research revolves around the direct fabrication of meta-biomechanisms using Selective
Laser Melting (SLM). Subsequently, the general design recommendations and process constraints have
been discussed briefly for the fabrication of mechanisms using SLM. In this regard, SLM poses an
extra burden on the removal of supports especially for the vulnerable geometries and within the joints
clearance.

Implementing a design approach, including both systematic and intuitive methods, was chosen as
the main tool towards the accomplishment of the research aim. Consequently, new designs are pro-
posed to minimize these undesirable events and the supports, with the subsequent challenge to obtain
multi-joint mechanisms with increased Degrees of Freedom (DOF) and the least amount of supports.
The first joints have been successfully printed, as well as meshes of multiple joints.

Surface Morphing Experiments were finally executed to classify them in terms of motion, taking
into account the final application. According to the results, the majority of the proposed meta-
biomechanisms approach well the reference acetabular model, with an absolute difference below 1,
reassuring the possibility of the proposed meta-biomechanisms as potential implants in cavitary bone
defects. Besides the evaluation in terms of mobility, the structures were mechanically tested to derive
their behavior under compression loading. The force needed to induce a sharp break was lower than
the average peak force reported in hip joints during daily activities. Subsequently, the experiments
revealed that their mechanical strength depends on the fitting of the structures inside the acetabulum
model. The bigger the gap between the structure and the acetabulum, the weaker the structure
under compression loading. Overall, their scale and size should be optimized to sustain the average
day-to-day forces joints are subjected to.
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1. Introduction

Frequent pathogenic conditions encountered in orthopaedic surgery are cavitary bone defects, particu-
larly in the pediatric patient population.1,2 These are the result of benign tumours or relative injuries
such as solitary and aneurysmal bone cysts as well as non-ossifying fibromas (Figure 1.1).1 Current
treatments include autologous bone grafts, with the sacrifice of considerable morbidity. Particularly,
increased surgical and post-surgical time, as well 15.8-29.2% of complication rate (infection, hematoma,
wound problems, fracture) are associated with them.1,3 Allografts are also candidates for filling cavi-
tary bone defects, without participating in the healing procedure though.1,4 Additionally, they carry
a high risk of disease transmission, being responsible for 1 out of 1.6 million ’viral transmission risk’
cases.3

In response to the downsides of the above methods, bone substitutes from biocompatible materi-
als gain popularity throughout the world. However, due to the poor osseointegration of orthopedic
implants, they constitute a major concern in the biomedical field.1 This is significant if one considers
the 500.000 bone graft procedures that the United States perform each year, which cost around 1.5
billion dollars annually.3

Figure 1.1: Illustrative demonstration of a massive bone defect.1

Sadly, massive bone defects usually vary in size and location, and this poses an additional burden
to the fabrication of appropriate bone substitutes.1 It would therefore be convenient to fill those bone
defects with deformable bone substitutes that will enhance tissue regeneration. Moreover, they should
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CHAPTER 1. 1. INTRODUCTION

perform adequate structural integrity reassuring implant’s longevity.

Among various types of materials, metals are preferable, due to their ability to sustain greater
loads. A metal with good mechanical properties that can be further improved in terms of corrosion
resistance and biocompatibility using post-processing techniques,5 is Titanium (Ti), as well as its al-
loys.5–7 Titanium alloys are also applicable in numerous structural implementations because they are
characterized by a low density and a high strength to weight ratio.8

Even though material’s selection meets the demands of biocompatibility and strength, manufactur-
ing a bone substitute with motion remains a challenge. The materials used in the fabrication of bone
graft substitutes can be engineered to exhibit novel mechanical properties. These materials are known
as meta-materials or ”designer” materials. Those that can be processed at a nano-scale, to have cer-
tain biological or mass transport properties, are referred to as meta-biomaterials. Meta-biomaterials
are highly applicable in the medical field since they can be designed to stimulate tissue regeneration.9,10

In this regard, structures or meshes of metal joints, with mechanical properties not found in nature,
can be referred to as Meta-Biomechanisms. These can form metallic structures with multiple Degrees
of Freedom (DOF), which in their turn can enable the mobility of the implanted substitute.

Unfortunately, previous researches managed to print non-assembly joints with a limited range of
motion, using other techniques rather than SLM. According to the literature, only 36% of reported
efforts had to do with metals, whereas only 26% concerns SLM.

This research will revolve around the fabrication of non-assembly meshes of titanium joints with
multiple DOF, using SLM. In this regard, design and process constraints of SLM will be analyzed to
formulate the basic requirements of meta-biomechanisms. In addition, the final application will play
a role to that, since increased range of motion is the key property. The basic goal of this study is
designing metal meta-biomechanisms, which should:

• Include multiple joints, to form the so-called meshes of joints, that can behave like a metal clay.

• Be fabricated in-situ using SLM, without the presence of undesirable phenomena, such as sup-
ports.

• Present the ability of fitting to any irregular surface.

Section 1.0 Page 12



CHAPTER 1. 1. INTRODUCTION

1.1 Background Information: ”Direct Fabrication of Meta-

Biomechanisms”

It is widely known, that over the last ten years, ”freeform” fabrication procedures emerged to change
the design procedure and the engineer’s perspectives.11–13 Additive Manufacturing (AM) techniques,
a technical term attributed to the above procedures, is an economically feasible technique, with many
assets. These include the absence of tools, uncomplicated file storage and the possibility to manufac-
ture any design feature with geometrical complexities.14,15

Apart from the design freedom that 3D-Printing provides, it also enables the direct fabrication of
multi-joint mechanisms or structures. It is therefore possible to directly print such a complex mesh
of metal joints, since integrated parts can be fabricated effectively as fully functional assemblies.16–18

In this regard, the designer has the ability to rapidly evaluate the final product and verify this with
the customers.19 This is extremely beneficial for the fabrication of mechanisms, and specifically non-
assembly mechanisms, due to the potential assessment of uncertain configurations at any stage of the
process.20

In contrast to the conventional procedures, in which each part of a multi-link system is indepen-
dently manufactured and subsequently assembled, in-situ fabrication emerged to simplify the process
and make it cost and time effective.21 According to its description, in-situ fabrication is the direct
fabrication of 3D structures with distinct mating parts without requiring assembly.20 The parts are
designed separately and then assembled digitally, in order to form the CAD file that is going to guide
the printing procedure.21 These structures are also known as non-assembly mechanisms and AM tech-
niques are capable of producing multi-articulated systems in-situ.22

The designer can visualize and define the interference between parts or between parts and their
environment. Furthermore, the designer is capable of acknowledging the joints DOF and integrate vir-
tual control or actuating systems to understand the mechanisms kinematic behavior.23 Consequently,
through the elimination of mistakes and optimization of the procedure, non-assembled mechanisms
can be fabricated in-situ. However, in-situ fabrication involves some issues like the determination of
joint-clearance, definition of fabrication-direction, optimization of supports and the removal of them
and residual material after printing.22

1.1.1 Constraints and Restrictions

SLM: A competitive procedure in Direct Fabrication of Metal Parts

Selective laser melting (SLM) is the most advantageous technology compared with other RP techniques
in manufacturing of metallic products with certain mechanical properties.16,20,21,24,25,27 SLM belongs
to the group of Powder Bed Fusion (PBF) processes, in which a roller spreads the powder over a
build-plate inside a gas-controlled chamber. The metallic powder is selectively consolidated by a laser
source. Guided by an STL file, which slices the initial CAD model into layers, the laser builds the
part layer by layer.16 The STL file includes the slices, each of them containing a cross-section of the
part. The distance between the consecutive slices is known as the layer thickness.17 The substrate goes
down a layer thickness and a newly formed layer is distributed by the roller. The machine performs the
above steps iteratively to completely print the part.16 An illustrative demonstration of the Selective
Laser Melting process has been depicted in Figure 1.2.

Section 1.1 Page 13



CHAPTER 1. 1. INTRODUCTION

Figure 1.2: Illustrative demonstration of the Selective Laser Melting process.34

The binding mechanism of SLM is full melting, explaining the capability of SLM to produce
metal end-use parts.27,28 In addition, metal end-use parts with densities as high as 99.8% can be
manufactured with the appropriate optimization of process parameters.7,29–31 Thus, the designer can
tune the process parameters to achieve fine mechanical properties. The aim of producing fully dense
metal-based parts with fine metallurgical bonding, creates quite some challenges though.16,16,20,24,25,27

Process Constraints of SLM

SLM is a very complicated procedure where a lot of process parameters, as well as pre-fabrication
procedures, considerably affect the final properties of the part. One way to achieve great functionality
and optimized mechanical, physical and structural properties is to organize the printing procedure
by taking into consideration the potential unfavourable events that may take place. This allows the
engineer to optimize his design and bypass doubtful process constraints.14

The quality of a part fabricated with SLM is strongly influenced by the condition of each single
layer.30 Therefore, careful selection of the process parameters can minimize the clearance size, improve
the anisotropic mechanical properties32 and optimize the printing procedure.33,34,64 Generally, there
are more than 120 factors that influence the quality of the final mechanism.18

Energy density, layer thickness and laser power can be regarded as the most crucial factors, since
they directly affect the performance of the process.35 Layer thickness is essential, because connectivity
among layers can only be achieved if the previous deposited layers are remolten too.64 However, energy
density is the most important factor depending on the rest of them. As the laser selectively irradiates
the loose powder, this energy is transformed into heat. This energy is transmitted to the powder and
the surrounding region, since the temperature of the laser is well above the melting point of the ma-
terial.35,36 That is why the energy density is directly dependent on the scanning speed and laser power.

Specifically, it is reduced when the velocity is raised, or the power is decreased.35 A higher laser
energy makes sure the laser beam can deeply penetrate into the material and hence this results in
better melting of consecutive layers. However, when the laser power exceeds a certain threshold value,
it may result in undesirable defects, like increased hardness.34,65 On the other hand, low laser power
has been proven insufficient to melt the metal powder and that may give rise to abominable events
like balling (surface tension divides the melting vector into distinct droplets) due to the bad wetta-
bility.34 The balling phenomenon constitutes a severe impediment on the inter-layer connection and
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CHAPTER 1. 1. INTRODUCTION

gives further rise to the parts surface roughness.30,37,64

The material’s heat absorption strongly depends on its nature, because powder conducts heat at a
lower rate compared to the bulk material.34,36,38 This is because the powders absorptivity is influenced
not only by its physicochemical properties but also by its granulomorphometry and density.38 What
can be retrieved from the above mentioned, is that more energy will be transferred to the powder
rather than to the solid part, which directs the molten powder to stick to the melt pool due to the
capillary and gravity forces.34,36 That is what is happening around the corners of the parts, and is
better known as dross formation, which especially affects the quality of the downward surfaces.20,24,39

These surfaces are affected, because they are fabricated against gravity, and this drives them to decline
from their original dimensional site.17

Something that does not affect the down-ward surfaces, but has a great influence on the upper
ones, is warping. The main cause of warping is the heat applied at the upper region of the part.
During rapid cooling the temperature gradient is steeper for the upper regions compared to the lower
layers, leading to the tendency to deform upwards.40,64

SLM is, therefore, a procedure that is accompanied by apparent thermal gradients which induce
thermal stresses in the fabricated part.30,41 When these thermal stresses are well above the material’s
strength, plastic deformation of the upper part affects its functionality.20,24 Steep thermal gradients
also lead to curling or delamination of the part and possible disconnection of the part from the build
plate. Afterwards, rapid cooling occurs, and the plastically deformed surfaces begin to shrink. Scan-
ning strategies have a strong influence on the formation of stresses, that is why proper selection of
a scanning strategy is of great importance.25 Inter layer scanning strategies or scanning along the x
direction have been proven beneficial for the reduction of thermal stresses. Furthermore, partitioning
of the scanning zone into smaller zones can even further reduce the residual stresses.26

Taking the above into account, SLM is a very complicated procedure and the engineer should
consider various factors for its successful implementation. A proper pre-selection of process parameters
is therefore judged essential for the absence of unfavourable events.42,64

Clearance: An essential feature of Non-Assembly Mechanisms

Ideally, joints within the mechanisms do not have clearance between their coupling mates. However,
mechanical joints include a small gap that distinguishes the structural members of the mechanism.43,44

For instance, the clearance of a simple pin joint that includes one journal inside a bearing, can be il-
lustrated in Figure 3 where Rj refers to the journal and Rb to the bearing.23

The clearance constitutes a significant obstacle during the fabrication of non-assembly mechanisms
with AM processes. The main concerns associated with the clearance are its need to be supported and
the tendency of trapped powder to remain stuck inside. The latter affects the surface quality of the
clearance which in turn affects the mobility of the mechanism.21,45 Consequently, the most essential
feature that should be taken into account before, during and after the printing is the clearance, since
it has a strong influence on the kinematic response of the mechanical joints.43
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Figure 1.3: Illustration of the clearance inside a revolute joint.

Supports: A significant impediment during the printing of Metal Meta-Biomechanisms
with SLM

Most mechanisms include overhang structures and their presence usually leads to undesirable effects.
Overhanging regions (geometrical features in need of supports), are holes, internal channels, thin
structures like clearance and round surfaces like fillets or chamfers.46 The well-known general rule
regarding SLM is that downward surfaces at an angle less than 45 degrees, are in need
of supports.16,29,35

The negative thing about support structures is the increased fabrication time and the complexity
of the part and the overall procedure.29 Although many techniques exist to remove support structures
and residual material (sand-blasting, machining, etching, electro-polishing and plasma spraying) the
quality of the part is often harmed. Taking into consideration the joint’s clearance, removing the
supports can be a very challenging procedure.20 Additionally, supports influence the mechanical and
physical properties of the final part and in case of joints, they strongly influence their mobility. More-
over, the use of these post-processing techniques is time consuming and not always applicable.

The proper orientation of the mechanism inside the build chamber can also reduce time, minimize
the number of supports and enhance the mechanism’s strength.20,47 The orientation of the part can
be defined as the rotation of the part inside the build box around the axes of the machine’s coordinate
system.14 For example, positioning the part’s hole parallel to the fabrication direction has been shown
to lead to a stronger outcome. It is favourable to position a part along the vertical direction, but in that
way the height of the part may increase the fabrication time.35 A tilted configuration may constitute
an efficient way to reduce the amount of support structures in that case. However, this method gives
rise to an undesirable phenomenon known as the staircase effect.16,35 Based on the above, positioning
properly the part seems to be more complicated that it sounds.

It is therefore important to find other ways to reduce the number of support structures.48 Despite
the fact that supports can be reduced with the right orientation or alteration of the process param-
eters, it is favourable, though challenging, to modify the design of the parts.20 Design optimization
is therefore used towards the supports’ elimination of metal meta-biomechanisms manufactured with
SLM.
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1.2 Study Aim

Taking into account the above, the aim of this research is to directly print meshes of titanium joints
with SLM, the so-called meta-biomechanisms, followed by a certain (>1) amount of DOF and
no supports within the clearance.

According to the background information, direct fabrication of joints, especially using SLM, poses
an additional obstacle. The gap separating them is usually in need of supports, which are not always
accessible. Additionally, they strongly influence the functionality of the joints. Achieving no sup-
ports within the joint’s clearance of the mechanism, is the first goal. Implementing a combination of
both systematic and intuitive design methods, used as the approach, to minimize their supports and
ease their fabrication. Particularly, new designs of joints were conceived and subsequently modified to
eliminate the design and process constraints.

Additionally, since these structures intend to take the role of highly deformable implants (meta-
biomechanisms), they should demonstrate a sufficient range of motion. In this regard, the design
should also be modified to increase the DOF.

Generally, this study proposes new designs of meta-biomechanisms. To define the possibili-
ties of these structures as meta biomechanisms, evaluation and classification of their motion and
mechanical properties will follow.

1.3 Design Criteria

Based on the above, the proposed meta-biomechanisms were conceived according to certain design
criteria. The role of the supports has already been analysed, as well as the importance of an increased
range of motion (DOF). However, the kind of motion plays an important role, since movements of
twisting and turning are preferable to sliding ones. This is why high deformability can be achieved by
rotational DOF rather than translational. One major characteristic that determines the final outcome
is the incorporation of an individual joint in a multi-joint configuration. This can be explained, by
the fact that a joint with multiple rotational DOF could meet the requirement of motion, with no
possibilities of being incorporated in a structure though. These criteria assisted the design procedure
and determined to a certain level the final evaluation of the proposed Meta Biomechanisms. Below,
they have been ordered according to their importance, along with the respective requirements and
wishes.

1. Amount of Supports
Rationale: The amount of supports should be minimized, especially around the clearance site. Other-
wise, the printed design will not have functionality, because the supports will prevent its mobility.
Quantification: The amount of the supports will be measured in terms of supported area (m2). This
will be held out in Solidworks.
Requirements:
1. The structure should not have supports inside the clearance, to ensure its functional mobility.
Wishes:
1. The structure should include only the supports that ensure its structural integrity.
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2. DOF
Rationale: The design should present the ability of fitting to any irregular surface.
Quantification: This motion will be defined in terms of DOF.
Requirements:
1. The structure should perform at least one movement (e.g. sliding, rotational).
Wishes:
1. It would be preferable for the meta-biomechanism to present a wide range of motion. This is
translated to more than two DOF.

4. Type of DOF
Rationale: The intended area of implantation will be irregular in terms of shape and size. Conse-
quently, the design should preferably perform movements like twisting and turning.
Quantification: The degrees of freedom will be determined (e.g. translational or rotational). The
DOF of a joint, are equal to the number of motions that are performed. A joint can move rotationally
or translationally around three axes. That is equal to six DOF. For instance, a joint that allows a
rotational movement around two axes, has two DOF.
Requirements:
1.The design should perform at least one translational or rotational motion.
Wishes:
1. Greater motion can be achieved, if the structure performs both rotational and translational motions.

1.4 Performance Criteria

Design criteria assisted the conception of new designs. The proposed designs will be subsequently
evaluated according to these using a Harri’s Profile. Instead of selecting which of these designs is the
best, further evaluation of all of them will follow, according to certain performance criteria. Below,
they have been ordered according to their importance, along with the respective requirements and
wishes.

1. Fitting to an irregular bone surface.
Rationale: The proposed designs are intended to fill irregular bone defects. Thus, they should change
their shape and volume according to the intended area.
Quantification: The models will be positioned on an acetabular surface and Surface Morphing Experi-
ments will measure their fitting. This will be done, by measuring the mean absolute difference of their
distinct points.
Requirements:
1. The structure should follow the mean shape of the concave bone model (Absolute Difference below
one).
Wishes:
1. The structure should fit perfectly each point of the bone model (Absolute Difference equal to zero).

1. Break Strength
Rationale: The proposed designs intend to fill irregular bone defects. An acetabular defect is used
as an example. Thus, they should be strong enough to sustain loads acting on the human hip joint
during activities, like walking and standing.
Quantification: The models will be mechanically tested and their break force will be measured.
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Requirements:
1. The force needed to break the structure should not be lower than the average peak contact force of
a hip joint during standing (1.5kN) .49

Wishes:
1. The force needed to break the structure should not be lower than the maximum peak contact force
of a hip joint during walking (3.9kN).49

1.5 Study Approach

The first step in fabricating meshes of joints in-situ, is to successfully fabricate a single joint. Un-
fortunately, reported literature around the in-situ fabrication of metal joints is significantly limited.
Thus, new designs of joints are essential. Brain-storming is always preferable, to find innovative design
solutions towards a problem. Systematic approaches though, help this path, by establishing steps to
easily find new concept solutions. Generally, all the design approaches start with the design solutions
and end with the selection of the best one. This research though, does not aim the finding of the best
concept solution, but as many as possible new concepts that will be finally evaluated.

In this research we therefore started with some well-known design methods, while we later com-
bined intuitive methods to achieve innovative solutions. One well-known, systematic design approach
is the ACRREx method. The first step used in this method, is the categorization of existed knowledge
to find research gaps. After the categorization of the design object database, the fundamental differ-
ences between its categories are pointed out. Then, these categorizations lead to new design solutions.50

The mechanical joint constitutes the design object database in the current research. For this rea-
son, already existed mechanical joints were categorized to find out the research gaps. In this regard,
mechanical joints that have been already studied, are excluded from the research (revolute joint). Af-
terwards, the remained mechanical joints were categorized and their fundamental differences in terms
of DOF are pointed out. Table 1.1 depicts how the reported joints, including the Prismatic and the
Ball-socket joint, are categorized based on their differences. Implementation of the ACCREx method,
results in the following assumptions: Can a Prismatic joint with 3 rotational DOF be manufactured?
This type of questions filled the gaps in the above categorization. Table 1.2 includes the answers
to all the possible assumptions. The designs, which were successfully conceived, along with the re-
ported ones, were modified according to the general design rule of 45o. Their design constraints in
terms of printing were analytically addressed and modifications were held out through brainstorming.51

Table 1.1: Implementation of the ACCREx Method. Categorization of reported mechanical joints
results in triggering ideas for new designs of joints.

Mechanical Joints

1 DOF 2 DOF 3 DOF
Translational Motion Prismatic Joint ? ?

Rotational Motion ? ? Ball-Socket Joint

New designs were indeed proposed and their incorporation in a multi-joint configuration followed.
Their incorporation demanded further modification. This resulted in the design and fabrication of new
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meta-biomechanisms, which were evaluated according to the exported criteria. The following diagram
depicts schematically the steps followed in this study.

Table 1.2: Implementation of the ACCREx Method. The reported mechanical joints were
categorized in terms of number and type of DOF. New concept ideas filled the gaps.

* The Prismatic Joint has 1 translational DOF and the Ball-Socket Joint 3 rotational DOF

Mechanical Joints

1 DOF 2 DOF 3 DOF

Translational Motion Prismatic Joint Prismatic Joint with
2 translational DOF

Prismatic Joint
with 3 translational DOF

Ball-Socket with
1 translational DOF

Ball-Socket with 2
translational DOF

Ball-Socket Joint
with 3 translational DOF

Rotational Motion Prismatic Joint
with 1 rotational DOF

Prismatic Joint with
with 2 rotational DOF

Slider
with 3 rotational DOF

Ball-Socket Joint
with 1 rotational DOF

Ball-Socket
2 rotational DOF

Ball-Socket Joint
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the system

NO NO

Can the design be printed without supports?

Figure 1.4: Schematic illustration of the design approach followed in this study.
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2.1 Design

2.1.1 Design of Non-Assembly Joints

The first step in fabricating non-assembly mechanisms with AM processes, is to successfully fabricate
individual joints. Thus, all the reported mechanical joints were registered and research around their
in-situ fabrication with SLM was held out. There are three types of mechanical joints, including the
revolute joint, the prismatic and the ball-socket joint. Based on the reported literature, revolute joints
with one DOF have already been printed with SLM. This is why only a small printing example was
held out, to examine the potential of printing it in situ. However, other joints like prismatic, have been
printed only with other polymer-based techniques. Consequently, these types of joints were chosen as
the research object. The chosen mechanical joints were categorized in terms of number and types of
DOF. The implementation of the ACCREx method was subsequently implemented and new designs
have been found. Table 2.1 includes how the reported mechanical joints (highlighted in red colour)
categorized in terms of number and types of DOF and what are the concept solutions filling the re-
search gaps. Among these, the ones highlighted with green colour were successfully conceived. Taking
into account the aim of this research, which is to minimize the supports, the concept ideas of the
selected joints were modified accordingly. This section studies the design constraints of each joint and
proposes solutions for its direct printing using SLM. All the intermediate, design steps are registered,
to assist the reader in understanding the reasoning behind the upcoming design modifications.

Table 2.1: Implementation of ACCREx Method. The reported mechanical joints were categorized in
terms of number and type of DOF. New concept ideas filled the gaps.

* The Prismatic Joint has 1 translational DOF and the Ball-Socket Joint 3 rotational DOF

Mechanical Joints

1 DOF 2 DOF 3 DOF

Translational Motion Prismatic Joint Prismatic Joint with
2 translational DOF

Prismatic Joint
with 3 translational DOF

Ball-Socket with
1 translational DOF

Ball-Socket with 2
translational DOF

Ball-Socket Joint
with 3 translational DOF

Rotational Motion Prismatic Joint
with 1 rotational DOF

Prismatic Joint with
with 2 rotational DOF

Prismatic Joint
with 3 rotational DOF

Ball-Socket Joint
with 1 rotational DOF

Ball-Socket
2 rotational DOF

Ball-Socket Joint
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Revolute Joints

Revolute joints constitute the most common type of joints and they only have one rotational DOF.52

There are various known configurations, but the most representative has been shown in Figure 2.1a.
This one includes two rings with a stem attached where a pin, which constitutes the axis of revolution,
passes through the center of the rings.53 The non-assembly fabrication of a revolute joint with SLM
is feasible but under studied conditions. Yang et al.(2011), managed to print a non-assembly revolute
joint using a vertical orientation. This orientation was preferred to reduce the number of support
structures.35 For a better comprehension of the above procedure, a preliminary effort took place to
examine the potential of directly fabricating a Ti-6Al-4V revolute joint with SLM in this specific build
orientation.The clearance chosen was 0.3mm and the detailed dimensions of both the designs can be
found in Appendix B.

However, the bending phenomenon was demonstrated along the length of the bars. It is already
mentioned, that SLM is characterized by apparent thermal stresses, which lead the upper region of
the part to deform upwards. These thermal stresses acting upon the part, are proportional to the
cross-section area and the length of the part.54 One potential solution would, therefore, be to reduce
the surface area and the length of the rings, by redesigning them in the form of diamonds (Figure 2.1b).

Figure 2.1: Illustration of a revolute joint with two rings and one pin (a) and a modified revolute
joint with minimized surface area and ring length to prevent upwards bending (b).

Prismatic Joints

The prismatic joint, also known as a slider, provides a sliding movement between the mating surfaces
of two different parts without allowing rotation. A prismatic joint may often be designed as a piston
inside a cylinder, but that is not possible through a non-assembly fabrication.55 Mavroidis et al.(2000)
proposed a different design, which is depicted in Figure 2.2a. The new joint allows a sliding movement
between the different parts and the rectangular shape of the parts avoids potential problems caused
by the approximation of curved surfaces.55 Due to the shape and the design of the prismatic joint,
the possibility of fabricating it with SLM, seems feasible compared to other types of joints. However,
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reducing the amount of supports and reaching sufficient clearance for powder removal, is still demand-
ing. One potential modification would be the transformation of sharp vertical edges to inclined ones
at an angle of 45o(Figure 2.2b). The above designs were created according to the dimensions used in
Mavroidis′ research.55 These can be found in Appendix B.

Figure 2.2: Illustration of a prismatic joint (a) and of a modified prismatic joint with inclined edges
at an angle of 45o (b).

Ball-Socket Joints

Another type of mechanical joint, the well-known ball-socket joint, has numerous advantages (Figure
2.3a). Its spherical appearance provides a wide range of motion with 3 DOF, which may even be ad-
justed by creating a socket opening which is modified acquisitively (red region in Figure 2.3b). Apart
from openings in the socket, the ball may also be further cut to facilitate the removal of supports.
These feasible modifications provide adequate design freedom to successfully build this joint in-situ,
without compromising its wide range of motion.56

Mavroidis et al.(2000) managed to fabricate ball-socket joints with SLS by orienting them in a
vertical configuration. In this case the neck is printed first, after which the socket part follows. This
way, the neck takes over the role of support and the in-situ fabrication can be successful. The same
configuration has also been used the other way around, with the ball-socket joint built first and the
neck last. To support the joint, an opening at the bottom of the socket was created (red region in
Figure 2.3c). These designs were also created according to the dimensions used in Mavroidis’ research.
Appendix B includes detailed dimensions of them.53

Cali et al.(2012) proposed a different design for the ball-socket joint in order to enhance removal
of trapped material and add a lock configuration (Figure 2.3d).56 The modified ball-socket joint offers
space for the removal of excess powder. The printed position is proposed with the bands inside the
cavities (Figure 2.4a) while during the joints motion, the bands slide across the socket surface (Figure
2.4b).56

Section 2.1 Page 24



CHAPTER 2. MATERIALS AND METHODS

Figure 2.3: (a) Illustration of a regular ball-socket joint, (b) Illustration of a regular ball-socket joint
with incorporated opening, to achieve increased range of revolute motion around 1 axis, (c)

Illustration of a regular ball-socket joint, with incorporated bottom opening in socket, to support the
joint,53 (d) Illustration of modified ball-socket joint with cavities. The socket is cut in two different

planes, for an easier illustration.56

Figure 2.4: Printing position of the ball-socket joint with cavities. The bands are printed enclosed by
the respective cavities. (a) After moving the joint. (b)56
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Li et al.(2017) proposed another modified ball-socket joint for its successful in-situ fabrication. This
modified ball-socket joint has, instead of bands, a lattice structure for efficient removal of trapped pow-
der. The ridges are present to provide a lock configuration. Figure 2.5 illustrates the subsequent steps
that a ball-socket joint should undergo to reach the proposed modified design.57

Figure 2.5: (a) Regular ball-socket joint, (b) Lattice structure incorporated in the ball, (c) Ridges
added to the ball, (d) Final result.57

Despite the fact that these modified joints are optimal designs for a successful in-situ fabrication,
they were manufactured with SLS or Objet machines and not with SLM. The great need for supports
makes the fabrication of ball-socket joints using SLM troublesome. Many modifications will therefore
be necessary to investigate the direct fabrication of ball-socket joints with SLM.

One concept idea of the design approach, was a ball-socket joint with 1 or 2 rotational DOF. The
printing complexity of spherical joints with SLM is reduced by eliminating the DOF. The ball-socket
joint proposed by Cali, has the possibility to be transformed to a revolute joint (1 DOF), if two planes
vertical to the axis of rotation are formed (Figure 2.6a). In the case of a vertical configuration, the
existence of these planes immediately eliminates the number of supports around this region. Further-
more, the range of rotation can be adjusted by creating slots in the socket( Figure 2.3b).57

However, printing the above configuration with SLM encounters two problems. The first one is
the opened regions of the ball, since they constitute overhangs and will be in need of supports (pink
regions in Figure 2.6a). The solution is to remove specific parts of the ball, but keep it solid. The
removed parts are similar to the ones removed in the ball of Figure 2.3c and the design of such a
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ball has been depicted in Figure 2.6b. The pink regions depict the removed parts, whereas the green
regions depict the cutting planes vertical to the axes of rotation. Thus, the absence of opened areas
directly eliminates the need for supports.

Figure 2.6: (a) Illustration of a modified ball-socket joint that inherits the role of a revolute joint,57

(b) Illustration of the proposed ball for elimination of overhangs.

The second problem is the spherical shape of the socket. This creates the need for both external
and internal supports. What Mavroidis et al. (2000) proposed regarding the opening at the bottom
part of the socket, is regarded an interesting improvement towards the elimination of external sup-
ports. The bottom opening can be designed in a way of creating an angle of 45o with the built-plate.
However, the bottom opening should not allow the ball to leave the socket. This is why, its height
from the upper ball’s plane is of great importance. The threshold of this height is 3.5mm, since this
height lets the ball to be outside of the socket. Generally, it should be :

Height of Bottom Opening from the Upper cut plane= (Socket’s External Diameter/2) - x

* x= Height of the upper opening=1.5

To reassure a ball enclosed by a socket, the clearance reduced to 0.5mm (ball’s diameter of 10mm)
and the height was defined 4.55mm. The reason is, that this height along with a smaller clearance,
creates a sufficient overlap of 22% (1.23mm) between the ball and the socket (Figure 2.7a). Figure
2.7b depicts detailed dimensions of the proposed socket’s design. Furthermore, incorporating an upper
opening in the socket’s design, where the tangent of the ball’s internal sphere creates an angle of 45o

with the built plate, makes the socket internally self-supporting (dot lines in Figure 2.7b). The overall
range of motion of the ball inside the socket is 120o. The range of the revolute motion can be further
increased with incorporated slots to 180o.

The entire proposed assembly of both the ball and the socket has been depicted in Figure 2.7c in
its printing position. Despite the fact that the ball and the socket are concentric, the ball is placed
downwards to a point, where a greater surface area is exposed from the bottom opening. Thus, only
the external socket and the exposed bottom part of the ball will be in need of supports, where they
can be removed fairly easily (pink region of Figure 2.7c).
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Figure 2.7: (a) Dimensional depiction of the overlap between the ball and the socket, (b) Descriptive
depiction of socket’s angular relationships, c) Illustration of the proposed ball-socket assembly.

Despite the fact that supports can be removed since they are exposed, the socket still needs to
be supported externally due to its spherical shape. This problem can be resolved by modifying the
external shape of the socket, while keeping the internal one spherical. Thus, the external shape of
this socket can be modified, according to the aforementioned design rules, to also be externally self-
supporting. A modification like this has been depicted in Figure 2.8a.

The above proposition for an externally non-spherical socket is suitable, for a self-supporting ball-
socket joint manufactured using SLM. However, it is regarded favourable to keep the socket’s shape
as spherical as possible, for aesthetic reasons.56 This seems impossible with a metal-based technique.
The common ball-socket joint would be printed using SLM, with its bottom hemisphere only exter-
nally supported. This is why, the upper hemisphere is supported by the part, which has already been
printed. Thus, the problem is how to transform the bottom hemisphere, to minimize the number of
supports. One solution is to keep the bottom opening of 45o and transform the bottom hemisphere
with inclined edges of 45o from every possible plane. This design and its angular relationships have
been depicted in Figure 2.8b. The overall assembly has been depicted in Figure 2.8c.

Figure 2.8: (a) Illustration of a socket with a non-spherical external shape, (b) Illustration of a
spherical socket with its bottom hemisphere modified to be less supported, (c) Illustration of the

proposed assembly.

The range of motion is again 120o, but induced slots can further expand the range of motion to
180o (Figure 2.9a). This modification creates an additional problem though. With slots from every
direction, the ball can be out of the socket from the upper plane (Figure 2.9b). Something like this is
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not favourable since the socket should enclose the ball. However, induced slots that are not perpendic-
ular to each other can avoid this problem. Figure 2.9c illustrates the incorporated slots that restrict
the ball inside the socket, since a sufficient overlap exists between them. The dimensions of all the
proposed ball-socket joints can be found in Appendix B.

Figure 2.9: (a) Induced slots in the socket, (b) Slots towards directions that are perpendicular to
each other, do not restrict the ball inside the socket during motion, (c) Slots towards directions that

are not perpendicular to each other, restrict sufficiently the ball.
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2.1.2 Design of Meta-Biomechanisms

Prismatic Joints

Since the individual prismatic joint was designed with no clearance supports, the challenge is to in-
corporate it in a multi-joint configuration. One potential arrangement is aligning them, one next to
another, with inclined edges of 45o, to avoid intermediate supports. Figure 2.10a depicts the idea. The
dimensional properties can be found in Appendix B. The last configuration can be expanded towards
different dimensions to create a web of metal joints (Figure 2.10b).

Figure 2.10: (a) Configuration of multiple vertical prismatic joints in series, interconnected with
inclined edges of 45o, (b) Proposed configuration of multiple vertical prismatic joints in a

multi-dimensional web of metal joints.

Slider: Prismatic Joint with 2 translational and 2 rotational DOF

The aforementioned configuration allows sliding motion only towards one direction, without allowing
rotation. This is the definition of a prismatic joint. The next step is to increase the DOF as much
as possible, since this was another concept idea of the design approach. In this regard, the upcoming
designs are not prismatic, since they allow sliding motion towards two directions. Consequently, they
are referred as ”sliders” with increased DOF. Instead of building these multi-joint configurations ver-
tically, an alternative scenario is to orient them horizontally. The clearance of the previous prismatic
joint is vertical, so it is not regarded favourable to print it horizontally, considering the number of
supports. Thus, a new design without vertical clearances is essential. One simple structure of horizon-
tal sliders with increased DOF has been depicted in Figure 2.11a. Several rectangular bars interfering
with each other (Figure 2.11a), allows sliding motion, whereas intermediate bars can optionally re-
strict the motion. However, this idea would be feasible with other techniques rather than SLM. In
the case of SLM, the overhangs (pink regions) would be in need of supports and their removal from
the entire configuration would be extremely tedious. Considering the certain rules of SLM, replacing
these horizontal overhangs with inclined edges of 45o allows the printability of this structure without
supports (Figure 2.11b). Although, intermediate bars restricts the translational motion along one axis,
very limited motion is still achieved. Additionally, the unit cells can rotate around two axes with a
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limited range of motion.

Figure 2.11: (a) Proposed horizontal configuration of 2-DOF ”prismatic” joints, (b) Modified
horizontal ”prismatic” configuration to achieve no supports.

Rhombus Metallic Clay ( Prismatic Joint with 3 rotational and 3 translational DOF)

The above configurations achieved increased DOF through design modification. Further increased
range of motion with SLM remains a challenge though. New designs and ideas are essential to accom-
plish a metallic clay, able to twist and turn at a component level. In other words, a ”prismatic” joint
with both translational and rotational DOF. The previous ideas can be considered as multiple units
interfering with each other. If these units can be designed with an angle of 45o towards each direction,
the entire structure can be self-supporting with multiple DOF. The challenge is how to combine these
unit cells, to achieve motion between them. One potential solution would be to orient the same unit
cell differently. In this way, this unit cell takes the role of the connector. This idea has been depicted in
Figure 2.12a. It can be easily understood that these units-connectors are in need of supports because
they constitute horizontal overhangs (pink regions in Figure 2.12a). The supports are accessible to be
removed, but it would be a great hassle to remove all of them from the entire configuration.

This obstacle can be bypassed, if different connectors are used. This idea has been depicted in
Figure 2.12b. In this case, the well-known self-supporting face-centered cubic unit cell (FCCZ), found
in lattice structures, takes the role of the connector. The whole structure has been depicted in Figure
2.13. Regarding the range of motion, this specific configuration offers 3 translational and 3 rotational
DOF at a component level, of course with limited range of motion.
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Figure 2.12: (a) Proposed structure with interfered unit cells to achieve increased DOF at a
component level, (b) Illustration of the idea with self-supporting FCCZ unit cells as connectors.

Figure 2.13: Illustration of the expanded structure with interfered self-supporting unit cells to
achieve increased DOF.
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”Caterpillar” Chain of interconnected Balls-Sockets (Ball-Socket Joint with 1 rotational
DOF)

Positioning the ball-socket joints vertically is translated with the least amount of supports. However,
the ideal aim of the current research is the direct fabrication of a mesh of joints with multiple DOF.
Unfortunately, the vertical configuration does not give space for possible structures that satisfy the
demanded criteria. The possibility of printing interconnected ball-socket joints horizontally, is consid-
ered an ideal option towards this aim.

The above notion encounters several obstacles though. Vertical orientation allows the neck or the
socket to take the role of supports, whereas suitable openings and slots can improve the range of
motion and eliminate the number of supports. In contrast, horizontal orientation does not permit this.

Eliminating the DOF is again the concept idea inherited to cope with the above problem. Thus,
printing ball-socket joints with 1 rotational DOF horizontally, constitutes the starting point. Instead of
printing the ball and the socket separately, one possible modification is to connect them with inclined
edges of 45o (red region in Figure 2.14a). With the addition of an opening in the socket, a revolute
motion of the next ball’s neck is achieved. The cutting planes induced in the ball also eliminate the
supports around this point (green region in Figure 2.14a). Consequently, by positioning these con-
nected ”joints” one by one, a chain of ball-socket joints is the result (Figure 2.14b).

However, as Figure 2.14b illustrates, both the ball and the socket will be in need of supports (pink
regions). It is always regarded favourable to start with a horizontal plane without curves, when build-
ing horizontally. Thus, adding a cutting plane parallel to the transverse would ease this attempt. That
eliminates the need for bottom supports and at the same time takes the role of support for the upper
part (light green region in Figure 2.14c). Internally, the socket can be self-supporting the same way
as the proposed designs in the previous sections. This can be done, through an upper cutting plane,
parallel to the axis of rotation, at a point whose tangent creates 45o with the build plate. Externally,
the number of supports can be minimized as well. Applying the modifications proposed in the previous
sections led to this desired outcome (Figure 2.14d).

The ball should also be modified to achieve less supports. For this reason, the ball of Figure 2.6 was
used. This successfully achieved less amount of supports, but not a self-supporting ball yet. Modifying
the bottom hemisphere of the ball would solve this problem. However, due to the elimination of DOF,
further ball’s modification would lead to its insufficient motion inside the socket. Thus, inducing a
part, that would not affect the motion, while it would take the role of support for the ball, constitutes
the ideal solution. The modified ball’s design has been depicted in Figure 2.14e.

The last proposed design can be further improved. The ball can be supported differently, using less
material and easing the ball’s revolute motion. Figure 2.14f depicts such a modification and Figure
2.14g its assembly. Taking the last modifications into account, the only part in need of supports, is
one bottom quarter of the ball (pink region in Figure 2.14g).
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Figure 2.14: (a) Ball and socket interconnected , (b) ”Caterpillar” Chain, (c) Cutting of socket, (d)
Self-supporting socket, (e) Incorporation of a support-part for elimination of supports, (f)

Improvement of the support-part to use less material, (g) Modified ”Caterpillar” Chain, (h) A small
distance separates the ball and the socket during printing.
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Sadly, this design encounters problems. Taking into account the modified ball, only one couple
of ball’s bands are accessible in terms of supports (Figure 2.15a). Thus, it is regarded necessary to
induce a bottom opening for reaching the supports of the other couple of bands (Figure 2.15b). This
opening should restrict the ball inside the socket though. At the same time, there should be enough
space to reach the supports of the ball. However, if the ball is not positioned concentrically with the
socket during printing, but with a small horizontal distance between them (1.20mm), the supports of
the other couple of bands are fully accessible and they can be removed easily (Figure 2.14d).

Figure 2.15: (a) Illustration of the problem in the above design. The supports of the horizontal
bands cannot be reached. (b) Incorporation of a bottom opening that allows the supports’ removal.

Star-Shape interconnected Ball-Socket Joints (Ball-Socket Joint with 2 rotational DOF)

The previous section revolved around the printing of a metal chain, including inter-connected ball-
socket joints, that allows only revolute motion. Considering the desired aim of a metallic clay with
increased DOF, these designs should be further modified to achieve increased DOF.

In order to cope with this problem, the designer should separate the proposed ball and the socket.
Their assembly has been depicted in Figure 2.16. Again, the ball and the socket are not concentric,
but a small distance of 1.20mm separates them. Furthermore, the ball has a vertical distance of 1mm
from the build plate, exposing a greater amount of supports in this way. Thus, the only supported
part is the pink region of Figure 2.16, where the previous proposed openings and distances give space
for effortless supports’ removal.

This configuration has the ability to form a metal clay with increased DOF. One potential com-
bination of them has been depicted in Figure 2.17. The only difference is a star, that is incorporated
behind the socket, in order to connect it with other parts in a potential network of joints.

Diagram 2.18 depicts the way the proposed Meta-Biomechanisms were developed and Figure 2.19
which design represents each concept solution.
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Figure 2.16: Illustration of the horizontal configuration of a ball-socket joint.

Figure 2.17: Star-shape configuration of multiple ball-socket joints.
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Figure 2.18: Schematic illustration of how initial reported joints were categorized and new joints
were proposed using the ACCREx method.
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Figure 2.19: ACCREx implementation triggered new concepts. Figures depict schematically the
ones successfully conceived.

Section 2.1 Page 38



CHAPTER 2. MATERIALS AND METHODS

2.1.3 Acetabular Shape Models

The aforementioned design configurations are indented to fill massive bone defects of irregular shape
and location. Consequently, they should offer the possibility of transforming their shape and volume
according to the target.

Evaluation of their kinematic performance is, therefore, necessary to define their ability to fit any
space. This ability should be quantified to objectively decide how each design can be further improved
in terms of application. For this reason, the proposed meta-biomechanisms will be classified, based on
their fitting to a specific surface, consistent with the final application.

There are several classifications for cavitary bone defects, that constitute the final application of
this research. According to the Bargar and Gross (1992), these can occur in the femur, tibia, patella
as well as in the pelvis.58 Additionally, bone ingrowth can occur, only if the implanted mechanism is
in contact with the host bone for at least 40-60%.59 This is why the evaluation of the under-research
meta-biomechanisms, is very important.

Pelvic bone is the model used in the evaluation procedure. A real human pelvis model was down-
loaded from Sketchfab.60 This model was scanned by students in Dr.Eric Bauer’s human anatomy lab
at the Elon University of North Carolina. However, a few modifications were necessary to achieve the
desired outcome.

The tessellated file of the pelvic bone included a huge amount of facets, making its manipulation
difficult. For this reason, a simplification procedure was taken place in MeshLab ( ISTI - CNR, Pisa,
Italy) reducing the faces to 20.000.61 The reduced file then was imported to Rhinoceros ( Robert
McNeel Associates) for further processing.62 Taking into account that Ilium remains intact through
severe acetabular defects, only a specific region was selected.59 Based on that, the only region that
was selected includes the acetabulum along with a small area of Ilium for potential stabilization of
the implant. Effortless comparison between the pelvic surface and the meta-biomechanisms would be
taken place if both of them were of comparable sizes. For this reason, the trimmed pelvis surface
was scaled down with a factor of 0.602. Figure 2.20 depicts all the subsequent steps that the origi-
nal pelvic model underwent to reach the final result. However, the concave shape of the acetabulum
does not help the visual observation of the designs’ fitting. This is why, the final model was cut in
two different planes. Figure 2.21 depicts the distinct views, used in the Surface Morphing Experiments.
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Figure 2.20: (a) Original pelvic bone downloaded from Sketch-Fab,60 (b) Simplified pelvic bone in
terms of tessellated facets, (c) Scaled pelvic bone, (d) Acetabular region used as reference surface (e)

Final model used in Surface Morphing Experiments.
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Figure 2.21: Cut views of the final acetabular model used in Surface Morphing Experiments for
easier comparison.

2.2 Manufacturing

2.2.1 Additive Manufacturing of Non-Assembly Joints and
Meta-Biomechanisms

Material

The material used was a Titanium Alloy, named Ti-6Al-4V, which is an alloy powder special for being
processed on metal-based 3D-Printing techniquesTM. The density of the powder was 2.51 g/cm3.

The whole procedure is carried out under a protective gas atmosphere. In case of titanium, which
has a high reactivity with nitrogen and the tendency to form oxides and carbides,63 it is preferable to
use an argon atmosphere to keep the oxygen percentage low.64,65

Scanning Strategy

It is already mentioned in Chapter 2, that scanning strategy plays an important role in the formation of
stresses during printing with SLM. This is why, the inter-layer scanning strategy was used. Particularly,
each layer thickness was divided in smaller regions of 2x2mm (overlap:0.05mm), where the scanning
path was alternated between horizontal and vertical direction from layer to layer.

Process Parameters

Table 2.2 depicts the process parameters used during the printing procedure with SLM.
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Table 2.2: Process parameters used in SLM experiments.

Inner/Outer Boundary
Exposure Time 20µs
Point Distance 10µm
Laser Current 1000µA
Hatch
Exposure Time 5µs
Point Distance 10µm
Laser Current 1000µA
Laser Power 80W
Layer Thickness 50µm

2.2.2 Additive Manufacturing of Acetabular Models

The acetabular models used in the Surface Morphing Experiments, were printed with another additive
manufacturing technique. This is a polymer-based technique, named Fused Deposition Model (FDM).
FDM is the most commonly used additive manufacturing technique, where a material in the form of
filament is molten and deposited through a nozzle on the built plate. Two rollers push the filament
towards one direction and thermal elements liquify the material. The nozzle is controlled in a 3D way
to build parts of specific thickness.66 A schematic representation of the procedure has been depicted
in Figure 2.22. The process parameters of the FDM procedure can be found in Table 2.3. The infill
density used in manufacturing of acetabular models was 22%. However, another acetabular model of
100% infill was used during the mechanical testing, to sustain the compression load, and avoid any
breaking prior to the testing of the structures.

Figure 2.22: Schematic Representation of FDM procedure.67
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Table 2.3: Process Parameters used in FDM experiments

Material PLA
Nozzle Diameter 0.4mm
Layer Height 0.06mm
Infill Density 22%
Infill Pattern Grid

2.3 Experimental Testing

2.3.1 Surface Morphing Experiments-1st Approach

The proposed designs will be positioned on an acetabular surface after which, classification of their
fitting will follow. For this reason, all the proposed design configurations were fitted to the final ac-
etabular cut views, and detailed photos of them were taken (Figure 2.24).

Rough conclusions can easily be exported from photos, like Figure 2.23. However, for scientific
reasons a new method to assess the kinematic behavior of the design configurations was developed.
The photos taken were imported into the design software Rhinoceros ( Robert McNeel Associates),62

using the command ”PictureFrame”. The frame used for each meta-biomechanism was of identical
dimensions (40mm x 26mm). Based on the imported photos, new poly-line curves following the cut
views were created, as well as the fitting of each design with as many points as possible (e.g Rhombus
Clay design, Figure 2.24)). Then, quantitative comparison between the two curves was taken place
for each design. The designs were positioned as similar as possible into the acetabulum. Photos that
illustrated best this position were selected and then imported into Rhinocerros. After that, the curves
of both the fitting and the acetabular edge were created in the same PictureFrame. The fitting was
held out only at the areas that designs touch the acetabulum. The comparison of the curves was
subsequently held out in a plug-in of Rhinoceros, named Grasshopper. Grasshopper is an algorith-
mically modelling tool, tightly connected with Rhino design environment, that allows mathematical
manipulation of design models.

The script used for the comparisons of the two curves has been depicted in Figure 2.25. The same
script was used for every meta-biomechanism assigning the respective curves. The script includes two
groups of algorithmic comparison between the two curves. The first one takes the control points of the
two curves and with the command ”Similarity” returns the absolute difference of their distinct points.
However, the same command can return the mean absolute difference between two regions, e.g sur-
faces, and not between multiple points. This is why, the two curves are extruded and the ”Similarity”
command was used to return their absolute difference (Figure 2.25a). Figure 2.25b depicts the regions
generated in Rhinoceros design environment, based on the curves of both the reference model and the
meta-biomechanism.
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Figure 2.23: Fitting of the proposed meta-biomechanism on the reference surface (a) 1st Cut View,
(b) 2nd Cut View.

Figure 2.24: (a) Curve follows the 1st Cut View of the reference model with its points on, (b) Curve
follows the 2nd Cut View of the reference model, (c) Curve follows the fitting of Rhombus Clay on

the reference surface, (1st Cut View), (d) Curve follows the fitting of Rhombus Clay on the reference
surface (2nd Cut View).

Section 2.3 Page 44



CHAPTER 2. MATERIALS AND METHODS

Figure 2.25: a)Grasshopper script used to compare the distinct points of two curves, b) Grasshopper
script to compare the extruded surfaces of the two curves, along with the respective regions of the

curves in Rhino environment.

2.3.2 3D-Scanning Evaluation-2nd Approach

The above method is considered an approach to take quantitative results about the fitting of the pro-
posed meta-biomechanisms on a concave shape. However, it does not give any detailed information
regarding the fitting of the meta-biomechanisms in a three-dimensional space.

The proposed meta-biomechanisms were therefore scanned inside the acetabulum using a 3D scan-
ner. The scanner, named Scan in a Box-FX, followed by the respective software IDEA (Open Tech-
nologies Srl, Italy).68 The 3D Scanner scans the model in different angles and the software acquires
the scans and manipulates the obtained data, until the 3D model is produced. The software demands
at least 8 angles of the same model, which aligned in order to generate the different point clouds that
represent the 3D model (Figure 2.26). The 8 point clouds are subsequently imported in another soft-
ware, named CloudCompare (ENST-Telecom, Paris, TSI Laboratory) (Figure 2.27).69 This software
offers the possibility of merging the distinct point clouds into one, which in its turn is transformed
in an STL file (Figure 2.28a). In this way, this method gives detailed information of the model in a
3 dimensional space. The above advantage, though, is translated with great computational demand.
The STL file includes more than 1 million facets and cannot be further processed in Rhinocerros. This
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is why, MeshLab ( ISTI - CNR, Pisa, Italy) is again essential to reduce the number of facets, in order
to be computationally manipulated (Figure 2.28b).61 Although the final STL file includes a rough
representation of the model (65.000 facets), it still constitutes an approach to take quantitative results
about the fitting of meta-biomechanisms inside an acetabulum.

Figure 2.26: Setting of he subsequent elements during the 3D Scanning.
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Figure 2.27: The Point Cloud, representing the scanned model with the structure in CloudCompare
software (ENST-Telecom, Paris, TSI Laboratory).69

Figure 2.28: a) The STL file generated from the Point Cloud in CloudCompare software
(ENST-Telecom, Paris, TSI Laboratory),69 b) Simplification of the STL file in MeshLab software (

ISTI - CNR, Pisa, Italy).61
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This can be achieved in Rhinocerros with the well-known Boolean operations. This software offers
the possibility to get the Boolean difference of two STL files. By importing both the acetabulum
alone and the acetabulum with the structure above (Figure 2.29a), the structure itself is the result
of the Boolean operation (Figure 2.29b) . The only requirement is to position them one above the
other to get the difference. However, the STL files contain a lot of noise and further manipulation
is necessary. The ”noisy” facets can be selectively deleted with the command ”DeleteMeshFacets”.
This unfortunately is not an objective procedure and it strongly depends on the user’s perspective.
After that, the ”cleaned” STL file (Figure 2.30a) can be patched (command ”Patch”). The result
is a surface that mimics the STL file as much as possible (Figure 2.30b). Although this surface is
irregular in terms of space, it can be easily trimmed to its limits by the User (Figure 2.30c). This also
goes under the user’s perspective. This surface can finally be compared with the acetabulum’s surface
with the same script used in the previous section. The two surfaces should be aligned (command
”align”, ”concentric alignment”), in order to compare only their common surface area. Additionally,
the surface of the acetabulum is bigger, so it should be trimmed to the limits of the structure (Figure
2.30d). This can be done by implementing the command ”Dupborder”, and then using this border to
trim the acetabulum’s surface (Figure 2.30e).

Since two steps in the above procedure go under the user’s perspective, the user’s variability was
taken into account. Evaluating the observer’s variability is a significant task when a new method is
applied. There are two types of variability; the intra-user’s variability and the inter-user’s variability.
The first one shows the difference in distinct measurements of the same user, whereas the second
the differences in measurements of distinct users. The minimum necessary to obtain variability is to
have two observers who repeat the measurement more than one time.70 In this research, three users
implemented the same procedure. Specifically, each user performed three times the same procedure
for the same structure. To obtain the interobserver variability, the first value of the 1st user is paired
to the first effort of each of the other users.

Calculating the user’s variability using SEM is always preferable.70 However, an additional method
was implemented to calculate the intra- and interobserver’s variability. This method calculates stan-
dard deviation of individual pairs of measurements for the same user. This is how intra-observer
variability is calculated. Similarly, the interobserver’s variability is calculated by finding the indi-
vidual standard deviation of pairs of users for the same measurement. Then, the mean value and
the standard deviation of all these individual standard deviations, are calculated. The SEM is then
calculated by the following equation:70

V arintra(inter)obs = MeanindividualSD
2 + SDindividualSD

2 (2.1)
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Figure 2.29: a) STL model of both the acetabulum and the acetabulum with structured aligned in
Rhinocerros ( Robert McNeel Associates),62 b) Implementing the command

”MeshBooleanDifference” gives us the structure alone.

Figure 2.30: a) ”Cleaned” model of structure in terms of noise facets, b) ”Patched” Surface imitating
the structure’s fitting, c) this surface is irregular, so it is trimmed to the limits of the structure by

the user, d) Importing the acetabulum’s surface along with the trimmed ”Patched” surface, e)
Trimming of the acetabulum′s surface.
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2.3.3 Uni-axial Compression Testing

Despite the fact, that this research is only at a preliminary stage towards the final aim, it is quite in-
teresting to derive some indicative mechanical properties. One common way to mechanically evaluate
structures is the uni-axial compression testing.

The proposed structures are not comparable in terms of shape, size and cross-sectional area. This
is why, this mechanical testing does not aim the comparison of them, neither the derivation of the
stress-strain curves. For the same reason, well-known ISO standards could not be implemented. Tak-
ing these into account, the Prismatic Joint was excluded from the testing, because its dimensions have
a great difference from the other structures.

Their evaluation in terms of motion was held out in their potential configuration on an acetabulum.
Similarly, the structures were positioned between the same acetabulum and a respective ball. The
reason was to mechanically evaluate the structures in their potential application. The acetabulum′s
model was printed with 100% infill density, to ensure its structural integrity under compression loading.
Due to the concave shape of the acetabulum and the dissimilar shapes of the structures, the ball of a
specific size could not touch every structure sufficiently. This is translated to a gap between the ball
and the structure that affects the measured displacement. For this reason, balls of three different sizes
were used. The sizes were calculated with the following equation:

Ball′sDiameter = Acetabulum′sDiameter − (2xStructure′sHeight) (2.2)

Table (2.4) includes the different balls’ sizes and the respective standards that were selected. Figure
(2.31) illustrates how the subsequent elements were positioned on the compression machine. Concern-
ing the test’s settings, a load of 5kN was positioned on the machine and the structures were compressed
with a speed of 0.085mm/s (strain rate= 0.01 s-1) up to a maximum deflection of 8.50mm. The latter
is the mean height of all the structures.

Table 2.4: Ball’s Diameter per each structure

Ball’s Diameter (mm) ISO Standards (mm)

Slider with increased DOF 44 42.862
Rhombus Clay 46 45
”Caterpillar” Chain 39.8 39.687
Star-Shape ball-socket 39.8 39.687
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Figure 2.31: Setting of subsequent elements during the uni-axial compression testing.
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3.1 Post-Printing Evaluation

Revolute Joints

The revolute joints were the only joints printed in-situ with SLM in previous researches. It is already
mentioned in Chapter 2, that a preliminary effort took place for verification of the literature. How-
ever, due to the troublesome outcome (demonstration of the bending phenomenon) of the preliminary
effort, two other build orientations were examined, including the horizontal one and the 45o tilted with
a certain distance between the rings. The three printed samples have been depicted in Figure 3.1. The
only configuration that had not supports inside the clearances was the horizontal one. This is why,
the rest of the supports were removed easily. The other two included supports inside the clearance,
but the supports could be removed after putting some effort. The negative thing about every sample
was that the surface deterioration inside the clearances and around the part itself was present.

Figure 3.1: Illustration of the printed samples at the build plate. Three configurations are used
including vertical, horizontal and tilted of 45o.
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Prismatic Joints

An attempt took place to examine the potential of printing the proposed design of the prismatic joint.
A vertical configuration used and the successful printing was held out. The chosen clearance was
0.3mm. The detailed dimensions of this joint can be found in Appendix B. The printed sample also
presented the adequate motion, since no supports were inside the clearances (Figure 3.2). Apart from
the single prismatic joint, the mesh of prismatic joints as well as its expanded configuration were also
printed (Figures 3.3a and 3.4). Again, no supports existed inside the clearances allowing adequate
motion between the parts (Figures 3.3b and 3.4). Surface deterioration was noticed only around the
supported areas.

Figure 3.2: The successfully printed prismatic joint with adequate motion.

Figure 3.3: Printed configuration of multiple vertical prismatic joints in series in its printing position
(a) and in motion(b).
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Figure 3.4: Printed configuration of multiple vertical prismatic joints in a multi-dimensional web of
metal joints.

”Sliders” with Increased DOF

Replacing the horizontal overhangs of Figure 2.11a with inclined edges has been proven successful. The
whole configuration of Figure 2.11b has been printed without supports (3.5a). Moreover, the entire
configuration has the ability to twist and turn, like a metal clay that can take the form of irregular
shapes (Figure 3.5b).

Figure 3.5: (a)Printed horizontal ”prismatic” configuration without supports, (b) The proposed
horizontal configuration has the ability to deform in any shape.
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Rhombus Clay

The design configuration of Figure 2.13 has been printed with success (Figure 3.6a). Based on theory,
this structure should not have been in supports, since it includes only inclined edges of 45o. However,
to ensure its structural ability during printing, the bottom hemisphere of the meta-biomechanism has
been printed with supports, as Figure 3.6 indicates. These could be removed fairly easily with hands.
This design offers the possibility of both sliding and rotational motion at a component level. In this
way, the structure can form any irregular shape, like Figure 3.6b depicts.

Figure 3.6: (a) Successful printing of the structure with interfered self-supporting unit cells to
achieve increased DOF, (b) The proposed structure of interfered unit-cells offers the possibility of

deforming in any irregular shape.

”Caterpillar” chain of interconnected Ball-Socket joints

The ”Caterpillar” chain of interconnected ball-socket joints (Figure 2.14g) has been printed success-
fully (Figure 3.7a). The supports were accessible and could be removed fairly easily, since a clearance
of 0.5mm was chosen. This clearance was smaller than the ones reported in research for a ball-socket
joint. As Figure 3.7b depicts, this configuration allows a revolute motion between the balls and the
sockets. However, the revolute motion was restricted due to the printed dimensional difference. De-
spite the fact that there was sufficient clearance between the connecting bars and the socket slots in
terms of design, the printed result has proven the opposite.
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Figure 3.7: (a) Printed ”caterpillar” chain of inter-connected ball-socket joints, (b) ”Caterpillar”
chain of inter-connected ball-joints in motion.

Star-shape interconnected Ball-Socket joints

The star-shape configuration of ball-socket joints has been printed successfully followed by adequate
motion, as Figures depict. The supports could be removed easily, allowing the structure to move in
multiple directions (Figure 3.8 ). This wide range motion is restricted though. The specific configura-
tion of interconnected ball-socket joints with star connectors restrict its wide range of motion. Surface
deterioration was once again noticed around the supported parts.

Figure 3.8: (a) Printed Star-Shape configuration of inter-connected ball-socket joints, (b) Star-Shape
configuration of inter-connected ball-socket joints in motion.
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3.2 Surface Morphing Experiments

3.2.1 First Approach

The results exported from the Surface Morphing Experiments have been depicted in Figures 3.9, 3.10,
3.11 and 3.12. The results are distinguished based on the Cut View for easier comparison. The abso-
lute difference per meta-biomechanism, for each Cut View, can be found in Table 3.1.

Table 3.1: Shape Morphing Experiments-Results from the 1st Approach per cut view

Surface
Morphing Experiments

Absolute Difference

1st Cut View (Mean +- STD) 2nd Cut View (Mean +- STD)
Prismatic 3.66 +- 2.558 6.606 +- 0.762
”Slider” with increased DOF 0.187 +- 0.055 0.358+-0.195
Rhombus Clay 0.157+-0.037 0.371+-0.314
”Caterpillar” Chain 0.513 +- 0.497 0.920+-0.729
Star-Shape Ball-Socket Joints 0.209+-0.172 0.643+-1.058
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Figure 3.9: Fitting of the proposed meta-biomechanism on the reference surface (a) Prismatic: 1st
Cut View, (b) Prismatic: 2nd Cut View, (c)”Slider” with increased DOF: 1st Cut View, (d)

(e)”Slider” with increased DOF: 2nd Cut View, (f) Rhombus Clay: 1st Cut View, (g) Rhombus
Clay: 2nd Cut View.
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Figure 3.10: Fitting of the proposed meta-biomechanism on the reference surface (a) Star-Shape
Ball-Socket: 1st Cut View, (b) Star-Shape Ball-Socket: 2nd Cut View, (c)”Caterpillar Chain: 1st

Cut View, (d)”Caterpillar Chain”: 2nd Cut View.
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Figure 3.11: Surface Morphing Results-1st Approach:1st Cut view
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Figure 3.12: Surface Morphing Results-1st Approach:2nd Cut view
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3.2.2 Second Approach

Table 3.2 includes the absolute difference ( mean value +- STD) between the bone model and the
structure, in a three-dimensional space. The graphical results have been included in Figure 3.13. It
should be noticed, that results concerning the prismatic joint were not exported. This structure was
scanned, but its big height did not result in sufficient cloud data, to assess its fitting.

Table 3.2: 3D Scanning Evaluation: Results

Surface
Morphing Experiments- 2nd Approach

Absolute Difference (Mean +- STD)

”Slider” with increased DOF 34.086+-3.28
Rhombus Clay 24.31+-5.25
”Caterpillar” Chain 39.45+-3.324
Star-Shape Ball-Socket Joints 41.563+-1.32

Table 3.3 depicts all the values exported by three users, concerning the four structures. Two-way
ANOVA analysis was then implemented on these data, and the respective SEM (Standard Error of
the Mean) were calculated. The inter- and interobserver’s variability were calculated according to the
steps included in relevant literature.70 However, transformation of the Table 3.3, was necessary to
implement this method (Transformed Table is table 3.4). Table 3.5 represents the ANOVA table. The
next step is calculating the appropriate variances (Table 3.6), using the components of ANOVA table.
Finally, these values are used to calculate the final standard error of measurements (SEM) (Table 3.7).
Additionally, one more method was implemented to measure the intra- and interobserver′s variability.
This method calculates the SEM by using the individual Standard Deviations of multiple paired mea-
surements and users. The SEM calculated with this method can be found in Table 3.8.
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Figure 3.13: Surface Morphing Results-2nd Approach: a) Fitting of the structure on acetabular
surface, b) Patched Surface of structure on the acetabular surface.
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Table 3.3: Measurements reported by three users, three times, for each proposed structure.
* M=Measurement

Rhombus User 1 User 2 User 3

M1 M2 M3 M1 M2 M3 M1 M2 M3
21.036 18.112 18.51 20.893 24.129 28.88 30.078 30.635 30.69

”Slider”

M1 M2 M3 M1 M2 M3 M1 M2 M3
37.859 17.98 25.851 37.75 35.82 18.714 35.38 27.286 70.681

Caterpillar

M1 M2 M3 M1 M2 M3 M1 M2 M3
30.288 38.992 12.65 33.74 35.085 23.97 32.453 17.362 12.125

Star-Shape

M1 M2 M3 M1 M2 M3 M1 M2 M3
43.91 41.8 42.75 42.4 50.747 28.34 42.96 62.37 57.925

Table 3.4: Transformation of Table 3.3 to implement a two-way ANOVA analysis

Designs Rhombus ”Prismatic” ”Caterpillar” Star-Shape

Observer 1 Measurement 1 21.036 37.859 30.288 3.91

Measurement 2 18.112 17.98 38.992 41.8

Measurement 3 18.51 25.851 12.65 42.75

Observer 2 Measurement 1 20.893 37.75 33.74 42.4

Measurement 2 24.129 35.82 35.085 50.747

Measurement 3 28.88 17.714 23.97 28.34

Observer 3 Measurement 1 30.078 35.38 32.453 42.96

Measurement 2 30.635 27.286 17.362 62.37

Measurement 3 30.69 70.681 12.125 57.925
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Table 3.5: Implementing a two-way ANOVA analysis, by using data from Table 3.4.

Source SS dF MS F Prob> F

Columns 2521.33 3 840.444 7.56 0.001
Rows 441.45 2 220.727 1.98 0.1594
Interaction 748.79 6 124.799 1.12 0.3793
Error 2669.42 24 111.22
Total 6381 35

Table 3.6: Calculations of appropriate variances using the components of Table 3.5

Repeatability and
Reproducibility terms

Variance Nomenclature Equation σ2

Repeatability
(Intraobserver variability) σ2error MSE 111.226

Reproducibility
( Observer variability) σ2observer (MSobserver MSO S)/(nxm) 7.994

Interaction σ2SxO (MSO S-MSE)/m 1.131

Total R and R
(Interobserver variability) σ2R&R Sum of the cells above 120.351

Table 3.7: Final Standard Error of Measurements(SEM)

Equation Equals

SEM intra
√
σ2error 10.546

SEM intra
√
σ2error + σ2SxO 10.6

SEM inter, fixed effects

√
σ2error + σ2Observer

+ σ2SxO
10.97
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Table 3.8: Intra and Inter SEM calculated, using the individual Standard Deviations of multiple
paired measurements and users.

Inter-Observer Variability Individual SD Intra-Observer Variability (User 1) Individual SD

Rhombus

Users 1-2 0.101 Measure 1-2 2.067

Users 2-3 6.495 Measure 2-3 0.281

Users 1-3 6.394 Measure 1-3 1.786

”Slider” with 4 DOF

Users 1-2 0.077 Measure 1-2 14.056

Users 2-3 1.676 Measure 2-3 5.567

Users 1-3 1.753 Measure 1-3 8.49

Caterpillar

Users 1-2 1.068 Measure 1-2 6.154

Users 2-3 0.396 Measure 2-3 18.627

Users 1-3 0.672 Measure 1-3 12.472

Star-Shape

Users 1-2 2.441 Measure 1-2 1.492

Users 2-3 0.91 Measure 2-3 0.82

Users 1-3 1.531 Measure 1-3 0.672

Mean +- STD 1.96+-2.21 Mean +- STD 4.96 +- 5.877

SEM using eq. 2.1 8.7257 SEM using eq. 2.1: 59.13
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3.3 Uni-Axial Compression Testing

The force-displacement curves, exported from the compression testing have been depicted in Figure
3.14. Table 3.9 includes the Force needed to break each structure, in this specific configuration. To
determine the failure point, the definition of the break type is necessary. A sharp break was selected,
as indication. This is defined at the point, when the load drops by 5%, from its peak load.72 Taking
into account, that the tested structures include several joints, the amount of peak loads will be more
than one. Thus, the force needed to achieve a sharp break, was calculated based on a drop of 5%,
from the first load peak.

Figure 3.14: Force (kN)-Displacement(mm) diagrams of Meta-Biomechanisms.

Table 3.9: Force needed to achieve a sharp break- Load drop of 5%

Meta-Biomechanisms Force (kN) at first Force drop of 5%

Slider with increased DOF 1.19 +- 0.898
Rhombus 0.710 +- 0.523
”Caterpillar” Chain ≥ 5kN
Star-Shape Ball-Socket Joint 0.4703 +- 0.153
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4.1 Analysis

4.1.1 Design Analysis and Post-Printing Evaluation

Generally, the selection of the design approach has been proven successful. Reported mechanical joints
were unsuitable for their in-situ fabrication with SLM, let alone for their incorporation into multi-joint
structures. Starting with a systematic design method, was proven sufficient, to find out of the box
solutions. However, some suggesting gaps were empty, since no solutions existed for them. This is
something strongly dependent on the author’s creativity. Systematic design approaches can only assist,
by showing where to search for creative solutions. New types of ”joints” were indeed conceived and
their design modification was effortless. Study of their design constraints and subsequent implemen-
tation of the general design rule assisted this step. Furthermore, brainstorming was an essential piece
of this procedure, proving the superiority of this method.

Transforming them not to have vulnerable geometries, was a simple and efficient way. Generally,
the scale used in the designs was similar to the one found in the majority of reported literature. Re-
garding the new concept solutions, there was no particular reasoning behind the scale, the size and the
thickness. The mechanical properties of the designs, did not play a role in their design optimization.
The most important factor determined this step, was the printability of each design. Incorporating
mechanical properties, as a design criterion, can be implemented in future research. Finally, the pro-
posed designs were printed with success using SLM.

Generally, the printed samples were a good representation of the STL models, besides some dimen-
sional differences. Surface deterioration was present in every design, especially around the supported
areas. However, each printed sample had distinct characteristics, explaining the following, detailed
post-printing evaluation.

Revolute Joint

The revolute joint was the only joint printed in the reported literature, in its vertical orientation. For
theoretical verification, a small printing example was held out. The vertical print of the revolute joint
proved the existing literature wrong, since its supports could not be removed fairly easily. For this
reason, the same joint was built with two different orientations (horizontal, tilted), to research its
possibility of being printed in-situ. Again, the result was inefficient, since the printing procedure was
interrupted by undesirable phenomena and further modification of design appeared to be necessary.
Subsequently, the modified designs were successfully printed with adequate mobility.
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It was proven that the vertical configuration led to less supports indeed, but the support structures
within the clearances could not be removed easily. However, the adequate mobility was achieved,
despite the apparent surface deterioration within the clearances. Regarding the tilted configuration,
the sample had the adequate mobility and the supports inside the clearances could be removed fairly
easily. As far as the horizontal orientation is concerned, sufficient mobility was achieved, since the
supports within the clearances could be removed fairly easily. This was logical since the crucial part
of the design was built perpendicular to the build plate.

Prismatic Joint

The prismatic joint was the easiest, in terms of design modification. The initial design could have been
printed without clearances’ supports. However, with the modifications implemented, the supports were
significantly reduced. A vertical orientation was selected, positioning the clearance site perpendicular
to the build plate. Thus, there were no supports within the clearance, resulting in a sufficient and
smooth motion. The same observations count for the expanded version of the prismatic joint. How-
ever, the connections of the distinct joints in this configuration, are weak and can be broken under force.

”Sliders” with increased DOF

This structure is self-supporting, and the only supports existed, to reassure its connection to the build
plate. Despite the fact that, it was designed to have two translational DOF, it demonstrated the ability
to take irregular shapes (e.g. ball). The negative thing about this structure though, is its incapability
to return to its original form afterwards.

Rhombus Clay

Rhombus Clay, is also a self-supporting structure, since everything is at an angle of 45o. However,
supports were incorporated during printing, to ensure its structural integrity. The nice thing about
this structure, is that multiple DOF, characterize each unit cell. Thus, it can take the form of every
possible irregular shape. The most significant thing is, that it never loses its form. It was mentioned
above, that the mechanical strength did not play any role in design optimization. Consequently, the
strut thickness and the unit cell’s size were abstractly selected. By modifying these characteristics,
the motion and mechanical capabilities of this structure can be further improved.

”Caterpillar Chain of Ball-Sockets”

Ball-Socket joints are the most difficult, to be printed in-situ with SLM. Their spherical shape, elim-
inates the possibilities of being printed with SLM. Reducing the DOF of a ball-socket joint though
was proven successful since the number of supports was significantly lower. The supports were ac-
cessible and could be removed fairly easily. Besides that, the clearance reduced to 0.5mm, without
affecting the motion of the structure, neither its printability. This is very important if one considers
the smallest clearance of an in-situ, polymer ball-socket joint (1mm). Nevertheless, it was the only
structure with noticed dimensional differences from the CAD model. The bar connecting the socket
and the ball, could not sufficiently be moved inside the socket’s slot. In the CAD model, there was
a distance of 0.3mm, separating the connecting bar and the socket’s slot. However, this distance was
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proven insufficient, taking into account the printing capabilities of SLM.

Star-Shape configuration of Ball-Socket Joints

The printing of this structure was successful. The supports were accessible and removed fairly easily.
An adequate motion noticed although the specific configuration restricted the motion abilities of a
ball-socket joint. In other words, the stars connecting the ball-socket joints, restrict the structure’s
motion. Thus, this structure can only fit small depths, despite the fact that was designed to take con-
cave shapes of any depth. The solution towards this problem would be to incorporate revolute joints
in the star’s rings. The combination of two different types of joints would increase the range of motion.

Evaluation of Meta-Biomechanisms according to the initial design criteria

Figure 4.1 includes how each meta-biomechanism scores according to the initial design criteria, using
a Harri’s Profile. Both the Rhombus Clay and the Slider, score sufficiently in motion and the amount
of the supports. However, the Rhombus Clay is characterized by two more DOF and less amount of
supports compared to the Slider. The Prismatic Joint is second, with a total score of three, although
it is characterized by the least amount of supports. The Prismatic is followed by the Star-Shape,
which scores an overall score of one. The one DOF and the large amount of supports can explain that.
Finally, the ”Caterpillar” structure demonstrates an overall score of zero. This is why, it is charac-
terized by one DOF and the greatest amount of supports. Generally, the best design is the Rhombus
clay with six DOF and a small amount of supports. In terms of supports though, the Prismatic joint
comes first. In contrast, ”Caterpillar” is the last one with one DOF and the largest amount of supports.

Figure 4.1: Evaluation of proposed meta-biomechanisms according to the initial design criteria, using
a Harri’s profile.
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4.1.2 Surface Morphing Experiments

1st Approach

Generally, all the Meta-Biomechanisms score sufficiently in mobility, besides the Prismatic one. The
one translational DOF of this joint led to this result. Four of the five proposed designs are characterized
by an absolute difference below one, with the Rhombus Clay showing the smallest difference of 0.157.
The high number of DOFs probably results in this great surface morphing property. However, the
”Slider” with two translational DOF is just close to it. The small difference between the two cut-views
of these designs, prove their ability to fit well on a three-dimensional irregular surface. In contrast, the
bigger difference in the cut views, of the other two Ball-Socket joints, prove their inferiority. Only in
case of an irregular curve, both the ”Caterpillar” and the Star-Shape score pretty well. This is logical
since the Star-Shape has two rotational DOF and the ”Caterpillar” one.

This approach constitutes an effort, to take quantitative results of how a structure fits on a surface.
The disadvantage is its two-dimensional nature, although the existence of the two cut-views, assist
to a more realistic representation. This method, takes as a requirement, a constant continuity of the
tested curve in space. This is not true, considering the irregular nature of the acetabular surface. On
the other hand, this method is independent of the user’s perspective, reassuring the repeatability of
the exported results.

2nd Approach

The second method used in Surface Morphing Experiments, proves again that the Rhombus Clay is
superior in terms of motion. The Slider with increased DOF comes second, with a moderate percent-
age difference of 28.68%. The ”Caterpillar” Chain demonstrated quite comparable absolute difference
with the Slider, by being 13.6% inferior to the latter. Finally, the Star-Shape, in its turn, is quite
similar to the ”Caterpillar”, since their percentage difference is only 5%.

Generally, this method is a step forward towards a more realistic representation of the structure’s
fitting. However, the STL file generated from scanning contains a lot of noise. Consequently, the STL
file characterizing the structure’s fitting is again not a good representation of the reality. Moreover, this
method is dependent on the user’s perspective, since noisy facets should be deleted and the patched
surface should be trimmed.

Generally, the results of both methods are consistent in terms of an order. Metal Clay is the most
superior structure in mobility. The only difference is that in the first method the most inferior is the
”Caterpillar”, wherein the second the Star-Shape. Additionally, both methods, include two groups of
comparable structures. The first group includes the Rhombus Clay and the Slider with increased DOF,
whereas the second includes the ”Caterpillar” and the Star-Shape. This is logical since each group
contains similar types of joints. The differences between the two methods, in terms of numbers, were
expected. The first method calculates the mean absolute difference of two curves, while the second
the difference of two surfaces.

Unfortunately, the second method is user dependent and calculation of user’s variability proves a
big SEM of 10.97 between the three users and an error of 10.546 between the same user. Specifically,
calculation of the user’s variability using another method, proves that intraoberver’s variability is sig-
nificantly larger, compared to the interobserver’s variability. Further improvement of this method is
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judged necessary to obtain repeatable, reliable and representative results of how a meta-biomechanism
fits an acetabular surface.

4.1.3 Mechanical Testing

The Force-Displacement curves of the structures are not comparable. This is logical since the struc-
tures are of irregular shapes and sizes. Moreover, conclusions concerning the influence of the type of
joint or the amount of DOF in mechanical behaviour cannot be derived. However, this test intends
to derive only the representative properties of the structures. Additionally, since this is the first time
structures like these are mechanically evaluated, validation with prior results is not possible.

The Rhombus Clay and the Slider demonstrated similar behaviour. The only area affected by the
applied force was the one beneath the femoral head. The rest of both the structures remained intact.
In the Slider with increased DOF, the only point affected was the triangles which were enveloped
inwards, while the rest of the structure remained intact. Respectively, the compressed areas of the
Rhombus Clay broke into small pieces. The force needed to induce a sharp break in the Rhombus was
0.710kN, while in the Slider 1.19kN. Both the loads are lower than the average contact force found in
hip joints during walking. Only the break force of the Slider is comparable with the mean force, found
in hip-joint during sitting down. However, by changing the strut and cell size of these structures a
greater strength could be achieved.

The ”Caterpillar” chain and the Star-shape include the same type of joints. Particularly, the
joints′ dimensions are identical. However, their mechanical behavior under compression loading is not
comparable. The load of 5kN was proven insufficient to induce a sharp break in the ”Caterpillar”.
Consequently, the break force of the ”Caterpillar” is larger than the peak contact force, found in
hip-joint during walking. On the contrast, the Star-Shape configuration was proven inferior to the
”Caterpillar”, with a break force of 0.4703kN. This is logical, since ”Caterpillar” fits better in the
acetabular model, compared to the Star-Shape. The latter has a significant gap, that separates it from
the acetabulum′s surface. Consequently, the structure is not well stabilized inside the acetabulum,
leading to its easy breaking. The way the structure fits, is therefore, proven very significant in the way
it mechanically behaves under compression.

4.2 Limitations

3D Printing

The basic limitation of this research was the printer’s availability. That posed an important obstacle
in the research’s progress. The amount of possible printed samples was limited, where the time needed
for each was remarkable. A significantly bigger amount of concept designs would be tested, in the
same time frame, if the printer was exclusively available to this. Furthermore, more printing efforts
are necessary, to reassure the repeatability of each design’s printability.

Surface Morphing Experiments

The methods used to assess the structures, encounters several limitations. The first approach is char-
acterized by a 2D nature, whereas the 3D scanning incorporates a lot of noise. Besides that, it is
characterized, by a dependency on the user’s perspective. For this reason, the user’s variability was
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taken into account. Unfortunately, the big SEM of this procedure, makes its repeatability and reli-
ability doubtful. Reduction of noise is therefore necessary, for a more realistic representation of the
structure’s fitting. The solution towards this problem, would be to directly compare the initial STL
files. However, this procedure would demand extremely high computational capacity.

Mechanical Testing

The mechanical testing of this research aimed the force-displacement curves of the structures. This
was the first time, for structures like these to be manufactured. Moreover, they were different to
each other in terms of size, shape and weight. Consequently, the nature of these structures and
the absence of a well-defined protocol, made the procedure extremely difficult. A new method is
necessary to mechanically evaluate structures like these. However, effort was placed to perform a
similar compression testing. Despite the fact that different balls were chosen, to reduce the distance
between the structure and the femoral head, these did not attach to the structures perfectly. The
existence of customized balls, ideally enclosed by the structure, is necessary to achieve an identical
starting point for each structure. Moreover, the mechanical testing would have greater scientific
importance, if different unit cells’ sizes and strut thicknesses of the same structure were compared.
The comparison of the structures would be possible, only if the cross-sectional area and the diameter
to height ratio was the same. In that case, the stress-strain curves would be derived, and the elastic
modulus would be calculated. That would be significantly important, in defining the proper size and
shape of them, to be mechanically compatible with the human bone.

4.3 Future Research

This research offers several possibilities of how the study around Meta Bio-mechanism can be expanded.
New designs can always be found by implementing this design method or others. The interesting thing
would be, to expand the proposed structures towards different directions and planes, to achieve a
greater range of motion.

The idea of combining self-supported unit cells could be further explored. Literature provides a big
variety of self-supported lattice structures, including both strut-based and bio-mimetic.74 Deformable
implants incorporated with gyroid or diamond interconnected unit cells, would be the ideal candidates
for bone substitutes.

Considering their long-term application, scalability should definitely constitute the next step, fol-
lowed by modification of their biological properties at a nano-scale. In this way, they can be implanted
while they promote tissue regeneration. The mechanical evaluation of multiple sizes of each design
would be therefore necessary to define the most appropriate scale for implantation.

Depending on the scalability of the joints’ dimensions, the applications can be further expanded.
Ideas for future research would include the fabrication of multiple-joint mechanisms and the exploration
of different materials, such as biodegradable magnesium. Since surface deterioration is prominent in
SLM parts, the optimization of process parameters can be further studied and optimized. Various
printing experiments will be necessary to define the optimal process parameters and strategies as well
as the general rules to design non-assembly mechanisms.
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The idea of fabricating non-assembly metal Meta-Biomechanisms using AM techniques sounds more
than interesting. These structures can form foldable, metal meshes of joints, to fill irregular cavities
of lost bone. Titanium seems a perfect material, considering its biocompatibility. Among several
metal-based AM techniques, SLM seems the most suitable printing procedure. However, the available
literature on the printing of metal non-assembly joints with SLM is limited. The troublesome removal
of support structures, especially within the joint’s clearance, poses an additional burden in this effort.

New designs of joints are therefore necessary, to ease the direct fabrication of metal joints with
SLM. This research, proposes new designs, by implementing a combination of both systematic and
intuitive design approaches. This indeed led to new designs, that were subsequently modified, con-
sidering their design constraints. Each design was separately studied, and its potential printability
assessed. In this regard, new proposed designs replaced the original ones, which were printed with
success. After that, multi-joint mechanisms were printed with success. All of them presented no
supports within the clearance and sufficient motion. The interesting part is, that even the ball-socket
joints, which seemed impossible to be printed with SLM, were manufactured with the least amount
of supports. Additionally, the clearance used in these joints was the smallest ever reported. This is
important if one considers that relevant studies, using polymer-based techniques, printed them with
bigger clearance.

The successful printing of metal mechanisms, has proven that design plays the most crucial role in
their direct fabrication. Despite the fact that supports can be reduced with the right orientation or
alteration of the process parameters, it is favourable, though challenging, to modify the design of the
parts according to the general rule to avoid excess support structures.

Furthermore, motion evaluation took place to assess the proposed designs. To do that, the new
structures were positioned on an acetabular surface and surface morphing experiments evaluated their
fitting. For this reason, two novel methods were developed, to obtain quantitative results. It was
proven, that most of the proposed Meta-Biomechanisms fit well within the acetabular surface, with
an absolute difference below one.

Since these structures intend to behave like highly deformable implants, their indicative mechan-
ical properties were derived. Thus, uni-axial compression testing, evaluated how they mechanically
behave under compression load. For this reason, they were positioned on an acetabulum, where a ball,
inherited the role of the femoral head, was compressing them. Unfortunately, due to the shape and
size differences, these structures cannot be compared. However, the force needed to break them, in a
specific configuration, could be derived. This may constitute an indication, of how they can be modi-
fied, to achieve appropriate mechanical properties. By adjusting the strut thickness or the joint’s size,
their mechanical properties can be tuned properly. Additionally, the only area affected, was beneath
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the femoral head, leaving the rest of the structure intact. Only one structure was entirely broken,
since its restricted mobility, induced a gap between the structure and the acetabulum′s surface.. That
proves the important role of the mechanism’s fitting in mechanical behaviour.

This research project demonstrated that direct fabrication of non-assembly meta-biomechanisms is
feasible, but after a logical planning. In this regard, the design plays the most crucial role. Creativity
seems to be the difficult part of that. However, implementation of systematic steps come to assist this
path, since innovative concept designs were the outcome. The fitting ability of them seems to be the
most important factor, influencing both their tissue regeneration and the mechanical response. This
study though, constitutes the starting point towards the fabrication of highly deformable implants,
with appropriate biological nano-properties. Although proposed meta-biomechanisms were printed,
followed by the ability to fit irregular spaces, there are several steps to be followed. The undoubtable
potential of Meta-Biomechanisms as a solution to cavitary bone defects, needs to be further explored
in the future.
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APPENDIX A. PREVIOUS SUCCESSFUL ATTEMPTS IN RAPID FABRICATION OF JOINTS

Table A.1: Successfully printed non-assembly parts
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