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Abstract

Back pain is a major economic problem that can dramatically affect the quality of life. There are many causes
that can lead to back pain, but intervertebral disc degeneration is a recognised cause, with many pathophys-
iologies causing the disc to behave abnormally. The harmful effect of whole-body vibration (WBV) environ-
ment on the human intervertebral disc has been demonstrated to have an increased relative risk of up to 19%
compared to no exposure to WBV, with the risk of failure even in healthy discs. One of the treatments for a
degenerative disc is spinal fusion procedure, in which the human intervertebral disc is replaced by a spinal
fusion cage. In this thesis, the influence of WBV on custom-made spinal fusion cages was investigated.
With the advent of additive manufacturing, which has become increasingly available and precise over the
years, lattice-based scaffolds were designed as spinal fusion implants and manufactured using a Polyet 3D
printer. The influence of the unit cell design on the build quality and the quasi-static mechanical properties
as well as the dynamic WBV reaction was observed. Therefore, four different unit cell types were designed:
body-centered cube (BC cube), face-centered cube (FX cube), truncated octahedron (T octa) and negative
Poisson cube (NP cube). The influence of 3D printing direction and scaffold porosity on print quality and
mechanical properties were also investigated.
The build quality was determined by measuring the nominal size, determining the beam diameter and using
CT. The quasi-static mechanical properties were determined with the compression test, for which the elastic
modulus and stiffness were determined and compared. The dynamic response to WBV was determined with
a mechanical test setup that imitates a base excitation model. In order to test scaffolds with this test set-up,
two cylindrical bases were added and printed as one sample together with the scaffold. The bases were em-
bedded and mounted in the testing cups. A constant sinusoidal displacement to the lower embedding cup
was applied and using accelerometers, the accelerations of the input and response were measured. The dif-
ference between the response and input was compared and observed at which frequency the sample broke
or reached the highest gain. This was done for all samples and the influence of unit cell type, 3D-printing
direction and porosity on the dynamic response was observed.
Although there were certain defects and deviations from the designed scaffolds, the build quality of the addi-
tive manufacturing technique chosen was adequate. The direction of 3D printing had the greatest influence
on the build quality, while the type of unit cell and porosity had a less obvious influence.
The compression test provided insight into which unit cell types have a higher elastic modulus, that the
3D printing direction perpendicular to the test direction achieved higher E values, and that higher poros-
ity, which is desirable for implants, resulted in a lower Young’s modulus.
In terms of the dynamic response, the results of this work indicate that the FX cube design is the most robust
and would improve the safety of the implant when exposed to WBV. For the 3D printing direction, it may be
concluded that the perpendicular direction, i.e. the layers are perpendicular to the test direction, can best
withstand the dynamic forces. The increase in porosity from 50% to 70% showed a decrease in resistance
to the dynamic loading, with scaffolds failing more often and at lower frequencies. Therefore, the unit cell
design, 3D printing direction and porosity should be important in the design of lattice-based spinal implants
that are designed to withstand WBV. The precision and consistency achieved through the manufacturing pro-
cess is also an important part of the build quality and mechanical properties for producing reliable and safe
implants. Understanding how different designs and porosity of the spinal fusion scaffolds influence the resis-
tance to WBV conditions will help to develop safe and resistant implants which replace degenerated natural
intervertebral discs.
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1
Introduction

The human vertebral column serves as the axial support of the trunk, transfers the upper body weight to the
lower limbs and protects the spinal cord [1]. It has a complex structure compiling several components, each
of which is important for the vertebral column to function normally. A healthy spine can withstand normal
forces and it also allows extension, flexion and rotation of the trunk.
Although many of us do not have back pain problems, 1-4% of new cases of back pain per year and a preva-
lence of 5-10% (percent of population at any given time) are reported [2], with about 70 to 85% of the Western
population developing lower back pain at least once during their lifetime [3]. Chronic back pain, which is
often a major financial burden and severely affects the lives and daily activities of patients, is estimated to
affect 19% of adult Europeans [4]. Low back pain (LBP) is recognised as a huge financial burden, costing over
$100 billion annually in the US [5]. To help people who live with chronic back pain or who have a lower qual-
ity of life due to various problems in the human spine, and to reduce the financial burden on the health care
system, much research has been done on spinal problems and their solutions.

The cause of LBP is multifactorial, but intervertebral disc (IVD) related conditions, resulting from ageing,
disease or injury, have been a major contributing factor [6]. There are several approaches to treating LBP,
ranging from non-invasive to surgical procedures. In some treatments, the disc is replaced by an artificial
implant, which depending on the type of implant, promotes spinal fusion or functionally replaces the IVD.
In such cases where the disc is replaced by spinal implants, special care must be taken to ensure the implant
withstands the conditions and does not fail, which in turn causes more problems than it solves. In 2016, the
market for spinal implants was worth over $6.8 billion [7], so there is an economic interest in finding an ap-
propriate solution.
Understanding the mechanical and biological interactions between the spinal implants and the spine is es-
sential for a long-term safe medical treatment. With a profound insight into the implants, this will hopefully
lead to novel spinal implants when the natural discs have failed.

1.1. Intervertebral disc
1.1.1. Structure and function
The IVD is part of the spine, which is divided into 5 sections (Figure 1.1a), in a S-shape from the side, running
from the cervical region at the top to the coccyx distally. The lower sections carry more upper body weight
and experience higher loads than the upper sections but allow less or no movement compared to the higher
vertebrae. The difference in function is reflected in the size and geometry of the vertebrae, as they become
larger in every section of the spine towards the sacrum [1].

The IVD is the largest avascular structure in the human body of an adult [10], located between two bony
vertebrae and accounting for up to 1/3 of the vertebral column’s height [11]. Figure 1.1b shows a functional
spinal unit (FSU), also known as the motion unit. It is often used as a model of the spine, as it still has bio-
mechanical properties comparable to the entire vertebral column [12]. The FSU, a representation of the entire
spine, consists of 2 vertebral bodies, between them an IVD and surrounded by several ligaments.
The overall size of an IVD varies from one spinal region to another but in the lumbar region, which is often
used for research, the measurements of IVDs report that the widest part is 55.9±9.4mm lateral and the narrow
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1. Introduction

(a) (b)

Figure 1.1: a) The human spinal column [8]. b) Graphical depiction of the FSU [9].

part 37.2±4.7mm anteroposterior, while the height is between from 7.1 to 12.5 mm [13].
The structure of an IVD consists of three integral interconnected tissues (Figure 1.2), the Nucleus pulposus
(NP) in the center, surrounded by Annulus fibrosis (AF), and cartilaginous end plates (CEP) cranial and cau-
dal, which connect the IVD together with AF fibres to the bony vertebral body [14].

NP is composed of randomly organised collagen fibres and radially oriented elastin fibres both nested in a
highly hydrated aggrecan-containing gel [11] with a water content of 70-90% [12].
The surrounding AF is a complex of 15 to 25 concentric rings, called lamellae, containing obliquely oriented,
regularly arranged collagen fibre bundles of a narrow outer zone and a wider inner zone of fibrocartilage
encompassing the NP [15]. These fibres lie parallel to their own lamella [14]. It has been observed that the
number of layers per annulus increases in the lower lumbar spine levels [10] and also depends on age. Within
a lamella, these fibres are oriented around 60○ to the vertical axis, interchanging to the left and right in adja-
cent lamellae [11].
The CEP mainly consists out of hyaline cartilage and chondrocyte cells, which are about 1 mm thick and are
the thinnest in the center for the transport of nutrients to the intervertebral disc [10].

(a) (b)

Figure 1.2: a) Anatomy of a FSU without ligaments. b) Structure of the IVD [16].

The function of the IVD is only possible because of its complex structure. The effectiveness of the IVD de-
pends on the coherence of the annulus and nucleus. If we place the disc under compression (Figure 1.3a), it
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1.1. Intervertebral disc

causes the pressure to rise inside the NP, which in turn is transferred to the surrounding AF. The tension in
the annulus increases and prevents the nucleus from expanding further. The pressure inside the NP is then
exerted on the vertebral end plates. The compression is taken up partly by the nucleus and partly by the an-
nulus, while the pressure on the endplates transfers the load to the next vertebral body [17]. The annulus also
connects successive vertebrae and resembles a woven strap to resist tension and torsion [1]. AF, together with
the ligaments and muscles, enables the vertebral column flexion, extension and, to a lesser extent, lateral
bending of the spine. If one component of the IVD malfunctions, the annulus-nucleus alliance breaks down,
leading to an abnormal IVD.

(a) (b)

Figure 1.3: a) The human spinal column [8]. b) Compression-Tension load-displacement curve for the IVD [18].

1.1.2. Aging of the IVD and its consequences
All IVD structures change with age, which leads to different mechanical properties and may eventually lead to
some deviations from physiological function. This change in IVD is often clinically referred to as Degenerative
Disc Disease (DDD) [19].
The collagen in the AF increases in quantity, but the amount of elastic fibres decreases. The nucleus shows
one of the most fundamental changes [17], as the concentration of proteoglycans decreases significantly,
from about 65% of dry weight in early adulthood to about 30% by the age of 60 [20]. There is also more
collagen and collagen-proteoglcyan binding. The NP begins to have AF properties that make the difference
between the NP and AF less obvious. It has been observed that the cartilaginous end plate changes with age
in such a way that it decreases in both thickness and diameter and is slowly replaced by bone [10, 12]. Since
the bony vertebral body carries the load transferred from the IVD, it is important to note that with age, bone
density decreases, with horizontal trabecular being absorbed. The consequence is that the cortical bone must
carry more of the load transmitted by the IVD. However, this could lead to injury, as the cortical bone can only
withstand 2% of deformation, compared to 9.5% for trabecular bone [10, 17].
With increasing age, the NP changes, causing the entire disc to become stiffer and the majority of the load
is transferred through the AF. The intervertebral disc adapts to this new situation by ossifying both the AF
fibre and the CEP, with the aim of creating a larger surface to distribute the axial load. The ossification and
less water in the intervertebral disc lead to greater hysteresis, less damping and a reduction in spinal column
movement [17].

1.1.3. Degeneration of the IVD and its consequences
Degeneration refers to abnormal changes due to diseases or injuries of the intervertebral disc or its surround-
ing structures.
Internal disc disruption (IDD) is a widely and well understood cause of back pain caused by an internal dis-
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1. Introduction

ruption of the normal structural and biochemical integrity of the symptomatic disc[21, 22]. IDD (Figure 1.4a)
can be identified by the degradation of the NP and presence of radial fissures into which NP infiltrates [17]. It
is not the same as disc herniation, as the NP does not protrude through the AF. Disc herniation (DH) (as seen
in Figure 1.4b) is a term used when, typically the NP or AF are displaced beyond the physiological IVD space.
Herniation, like the IDD, can disrupt the surrounding nerves in the spinal canal, but also the nerves in the
outer layers of the annulus, both of which often cause back pain.
The examination of herniated discs [23] has shown that in a healthy disc under extreme axial compression
load the first structures to yield are the fibres in the middle of the disc wall or the end plate. Other injuries
can occur if excessive torsion or lateral shear are applied, which can additionally lead to circumferential tears
in the AF layers [17].
As discussed in Chapter 1.1.5, dynamic loading stiffens the intervertebral disc due to water loss, while the
damping effect of the NP is smaller. This can lead to intervertebral disc injury as a fatigue failure of the end
plate, whereby allowing the nucleus to protrude into the vertebrae. When the body experiences whole body
vibrations from the environment, it has been observed that at resonant frequencies of the human interverte-
bral disc [24], sudden load shocks have led to failure of the IVD. Environments where WBV has been observed
are typical for truck drivers or other such heavy vehicles, working around heavy machinery where vibrations
are transferred through the floor and mine workers. This is dangerous as this can happen not only in a de-
generated IVD but also in a healthy one.

(a) (b)

Figure 1.4: a) IDD at different stages classified as grades [17]. b) Herniated disc, where it is clearly seen how the NP protrudes through
the AF, in this case onto the spinal nerve [25].

1.1.4. Quasi-static mechanical loading
The disc as a whole is a nonlinear viscoelastic structure with a strain rate that affects the response of the
IVD [9]. When the strain rate is increased, the disc exhibits a stiffer response due to its viscous part. A load-
displacement curve of the IVD under compression-tension loading is shown in Figure 1.3b. Normally, the test
is preformed up to physiological loads applied in both directions to precondition the IVD, the result of which
is that the curves do not change significantly between cycles [26]. The tests are most commonly performed
on the lumbar IVD under uniaxial compression. A typical response is shown in Figure 1.3b under physiolog-
ical load, where a hysteresis between loading and unloading is clearly visible and the difference between the
initial and final height of the IVD can be measured. This hysteresis tells us how much energy has been lost
due to the displacement of proteoglycans and water and the repositioning and rupture of collagen fibres [17].
The curve is composed of two zones, the first being the neutral zone (NZ) and the second elastic zone (EZ).
The NZ is the part of the range of motion within which spinal movement takes place with minimal internal
resistance [17] and is the part of the load-displacement curve where the load change is minimal compared
to the displacement. The elastic deformation occurs beyond the neutral zone and goes up to the maximum
load, in compression and tension. The elastic zone together with the NZ forms the range of motion (ROM) of
the IVD. It can also be observed that the elastic part does not exhibit a real linear change, but has a nonlinear
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1.1. Intervertebral disc

response. Therefore sometimes the curve is divided in parts, for which the stiffness or elastic modulus is then
locally determined.
Creep, a phenomenon in which at a constant stress on the IVD the strain continues to increase and the height
of the IVD decreases, is exhibited in the IVD and is often used to determine if the IVD is degraded. A degraded
disc has a faster creep rate.
The intervertebral disc is stiffer under compression than under tension, which is due to the increase in hy-
drostatic pressure that occurs in the NP if under compressive load. The intervertebral disc is anisotropic,
made specifically such, to manage the loads to which it is exposed as efficiently as possible, although this
peculiarity of the mechanical properties may mean that it cannot cope with other loads adequately [12].

1.1.5. Dynamic mechanical loading
While the quasi-static properties have been extensively studied, the dynamic side is less understood and the
effects on the IVD and the whole spine are not clear. Everyday activities such as walking, running and travel-
ing in vehicles are an everyday source of whole body vibrations with a frequency ranging from 5HZ to 30Hz
[27]. Higher frequencies can occur in industry, where workers may be exposed to vibrations that travel from
machines across the floor to their legs and up to the spine.
When the intervertebral disc is under cyclic dynamic load, it was observed that hysteresis decreases. In a
recent study [28], when two uniaxial quasi-static tests were performed in succession, they saw that the hys-
teresis of the second cycle was smaller than that of the first. This could mean that the intervertebral disc was
not able to withstand repetitive loads and could therefore fail.
The low frequency (below 10Hz) response to pure and combined cyclic loading [29–31] was observed and the
creep and viscoelastic properties of the human IVD were analysed. While this provides an insight into tissue
properties at low frequencies, the boundary conditions and loads applied to the IVD are not physiological,
since both the preload and the dynamic load, were applied from the top of the IVD. Therefore, in a broad
frequency range, the whole body vibration (WBV) applied from the bottom, like a base excitation model, is a
closer simulation of the physiological loads and conditions of the IVD. It has been observed that WBV affects
the disc, its height change and mechanical properties, while also associated with lower back pain [24]. When
performing WBV in a base excitation setting, the upper body mass (and possibly additional weight due to the
work-specific task) is applied on the superior side of the IVD, while a dynamic (sinusoidal) stimuli is forced
on the inferior side, mimicking the high frequency stimulation of vibrations imposed by machines or the en-
vironment [32] (such a setup is shown in Figure 1.5a).

(a) (b) (c)

Figure 1.5: a) A setup which mimics WBV (Figure adopted and changed from [27]). b) A typical response of the IVD when under WBV
shown as gain over a frequency range [27]. c) Response of an IVD to a continuous frequency sweep under WBV, in blue the increasing
frequency sweep (IFS) and in red the decreasing frequency sweep (DFS). The jump phenomenon is visible around 34.5Hz for the IFS and
around 33.5Hz for the DFS [24].

Some studies have focused on mimicking WBV conditions at discrete [27] (bath), (air)[33] or continuous fre-
quency [24](air), mainly observing how the amplitude and applied preload (upper body mass) affect disc
response. With higher preload, the resonant frequency of the disc decreased, which was also the case when
higher amplitudes were applied. A typical response of such a test at a selected preload and amplitude is shown
in Figure 1.5b. The resonant frequency of the human intervertebral disc varied from 8Hz [27] to 40.9Hz [24].
In the study by Marini[24] the experiments were carried out in such a way that for a given preload a con-
stant displacement was forced in the form of a sinusoidal wave. Then a continuous frequency sweep was
performed upwards and again downwards. Then the displacement was changed at the same preload. Finally,
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1. Introduction

the experiment was repeated for different preloads. The author of the study came to the conclusion that
the disc exhibited non-linear asymmetric properties during a continuous frequency sweep. The response
differed between the increasing and decreasing frequency sweeps, while at the same time exhibiting abrupt
oscillatory changes at different frequencies, which were refereed to as the jump phenomenon (Figure 1.5c),
with adverse effects on the IVD. The failure of the end plate was evident in many IVD samples after exposure
to WBV. The change of the preload and amplitude of the input stimulation affected the response, but in a way
that it moved the point of the resonant frequency. While Kasra [33] pointed out the stiffening effect at a higher
frequency, Marini [24] showed hardening and softening effects.
Although the results of various studies have not provided a fully conclusive answer to what exactly causes the
IVD failure under WBV and which parameters are most influential, the EU directive 2002/44/EC describes the
safety requirements with regard to the exposure of workers to vibration [34]. It sets daily limits for exposure
to WBV.

1.2. Treatments of a degenerated disc
The treatment depends on the cause and severity of the degeneration or injury.
It can be treated with conservative methods such as physiotherapy and exercise. This strengthens the sur-
rounding soft tissues and relieves the IVD of some pressure. However this is often not sufficient and invasive
methods are used. One such method is epidural injections, which are often used for chronic discogenic pain
[19].
Spinal Decompression is one of the most frequently performed spinal operations [35], in which parts of the
ligaments and disc fragments are removed to relieve the pressure on the nerves.
Spinal fusion (Figure 1.6a) is a well-established surgical method that is performed when the disc is consid-
ered the main cause of back pain and non-invasive methods have not helped. It is a procedure in which the
natural disc is usually removed and a bone graft, bone graft substitute or implant, often called an interbody
cage, is placed between the vertebrae [36]. Stabilizing rods and screws are frequently used to connect the two
vertebrae.

(a) (b)

Figure 1.6: a) Spinal fusion, with a cage between the vertebrae and rod-screws, after the surgery on the left and after bone in-growth on
the right [37]. b) Artificial disc replacement implant in a human spine[38].

Artificial disc replacement (ADR), also known as total disc replacement (TDR), is a surgical procedure that
restores the anatomy and function of the affected spine [36] (Figure 1.6b), in contrast to spinal fusion, where
the physiological motion of the FSU is gone. There are many different designs and materials used for this,
ranging from concave-convex couples, ball and socket/trough, beam based lattice designs, with materials
ranging from metal on metal, metal on polyethylene, to ceramic on ceramic [36].

1.3. Spinal fusion implants
As described in the previous section, there are different ways of treating a degenerated human IVD depend-
ing on the severity and type of injury or disease. Although ADR is the new trend in the development of IVD
implants, conventional spinal fusion is still widely used. Because ADR devices are relatively new, there are
still some mechanical mechanical properties and long-term effects which are less understood. Some disad-
vantages compared to fusion devices have been mentioned, such as the increased potential for displacement
or component failure [39], while at the same time there are more implant-related complications and higher
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1.3. Spinal fusion implants

rates of reoperation than with spinal fusion devices or posterior surgical procedure (PP) [40].
Spinal fusion is considered the gold standard in treatment of many IVD related problems, and the number of
spinal fusion procedures has increased markedly, with the number doubling in the US from 1997 to 2010 [35].
For the reasons mentioned above, spinal fusion device is the focus of this master thesis. There are several cri-
teria that a spinal fusion cage must meet. If spinal fusion is performed, the fixation must ensure stability for
the entire spine as well as for the affected FSU. The cage must be biocompatible, inert and should promotethe
ingrowth of bone tissue. The elastic modulus of the cage has to be in the region of the surrounding bone, en-
suring not to over stress the bone at the bone-implant interface. However, we must bear in mind that a spinal
cage is not the only implanted bearing device, with peddicle screws and rods providing a lot of support and
stability. The cage itself has an important role as a scaffold to bridge the gap between adjacent vertebra. The
primary function of the cage is to be a primary stabilization device that holds the spine in place and allows
secondary stability to occur, with osteointegration and osteoconductivity of the cage being important for the
overall success of the procedure [41].

1.3.1. Types and functions of spinal fusion implants
There are several materials, designs and concepts for spinal cages. There are three elements that are impor-
tant for a good fusion of the adjacent vertebrae. The presence of precursor cells capable of differentiating
into osteoblasts, a osteoconductive scaffold into which the cells can grow, and growth factors that promote
the transformation of precursor cells into osteoblasts [35].
Autologous bone graft, which is often harvested from the iliac crest [42], is considered beneficial because it
contains all of the above fusion-promoting elements. However, there are problems with these grafts because
of the high morbidity associated with the harvest and limited availability of such grafts [35], as well as the
negative effects of additional surgery to harvest the graft from the patient.
Over the years, many different designs made of different materials have been studied and used for spinal
fusion (Figure 1.7). A metal cage is often used, produced out of Magnesium, Titanium and Tantalum for ex-
ample, with empty volume spaces and surface features. Typically, bone or bone substitute material is filled
into the empty volumes of the implants to promote bone growth.
Figure 1.7a shows a cage made of implant-grade titanium alloy (Ti-6Al-4V) with surface features for secur-
ing the implant in the upper and lower vertebral body. The empty void in the centre can be filled with bone
growth promoting material. A screw cage design (Figure 1.7b) is screwed into the area of the removed IVD
and is often used in pairs. The screw motion secures the implant while the empty centre of the screw is filled
with bone graft. Similar designs can also be made out of different polymers (Figure 1.7c), such as PEEK, PC,
medical photopolymers and composites. In Figure 1.7d the design has a combination of two different mate-
rials, Mg and expanded PCL within the metal structure.

(a) (b) (c)

(d) (e) (f)

Figure 1.7: a) Interbody fusion cage made out of implant-grade titanium alloy [43]. b) Screw design fusion cage, filled with bone graft
[44]. c) An open cage design machined out of a composite [45]. d) Mg spinal fusion cage, optionally filled with expanded PCL [46]. e) An
example of a titanium beam-based lattice design implant [47]. f) Lattice cage 3D printed out of a biomedical photopolymer [48].

7



1. Introduction

While all the designs described above are commonly used, spinal cages that have a controllable porous struc-
ture while providing adequate stability are highly desirable because a porous structure with appropriate pore
size promotes bone formation [49]. Since the introduction of high-precision 3D printers, it has been possible
to manufacture such small, highly porous, patterned designs, which are important for vascularization and
minelarisation. Porosity greater than 50% is favourable [50], as high porosity in scaffolds promotes vascular
growth and facilitates nutrient transport, such as oxygen [51]. The pore size should be between 200µm, with
the smaller pore being beneficial for tissue growth for faster filling of cavities, and up to about 800µm for
vascularization and nutrient transport [49]. In Figure 1.7e, a 3D-printed titanium truss based cage shows a
similar overall design to conventionally manufactured cages, but the lattice structure provides a high porosity
for nutrient transport and bone ingrowth. With cages like these, it may not be necessary to add bone graft,
as the permeability is so high that the cells and nutrients should be able to come from the surrounding tis-
sue. However, titanium has a high elastic modulus and the design would therefore need very large pores to
reduce its overall stiffness. High stiffness may prompt stress shielding and inhibit bone growth [48]. There-
fore, 3D-printed lattice cage designs using biocompatible polymers studied by Egan [48, 49, 51] are of interest
because polymers have a lower elastic modulus but it is possible to maintain the desired porosity and pore
size (Figure 1.7f). Egan investigated how a lattice based unit cell design may affect the mechanical properties
and biological properties [48]. He discovered that the stiffness is not affected by a different pattern of the
same unit cells but that different batches of 3D printed samples show larger differences [48]. It was found
that the body centred unit cell is most favourable overall because it has high porosity, a high shear modulus
and surface-volume ratio for the required elastic modulus compared to other unit cells studied. However,
other unit cells may have some advantageous properties, especially under dynamic loads, which was not
investigated. If the fabrication process, structural design, mechanical properties of the scaffold and design
performance are combined, a favourable design for regenerative medicine may be developed [51].
3D printing allows us to produce designs with negative Poisson’s ratio while maintaining good porosity and
pore size, which has been shown to be beneficial for medical implants [52–54]. For use in the spine for dam-
aged disc replacement, the idea was that negative Poisson’s ratio would allow a similar range of motion to
natural IVD while preventing the implant from blocking the surrounding nerve when under compression be-
cause the implant does not bulge [53]. An auxetic unit cell can be easily developed from 2D to 3D design [55]
and patterned to provide a useful overall nominal size design for implantation.
When determining the mechanical properties of spinal implants, 3D printing allows us to take into account
the mechanical test setup required to perform the tests in question. Especially when tensile forces are to be
applied to the implants, an FSU-like structure can be designed to mimic the IVD-vertebra interface.

1.3.2. Quasi-static mechanical tests on spinal fusion implants
From a literature study performed on the mechanical characterization of spinal implants, it was found that
the most commonly performed test on the spinal cage was a compression test. The ASTM 2077 standard [56]
specifies how compression, compression-shear and torsion experiments should be performed and which
parameters should be used. Although there is an ASTM standard test method for intervertebral body fusion
devices, a proprietary test method is often used [46, 57–59], which usually consists of two flat surfaces be-
tween which the implant is compressed. The test parameters, especially the crosshead speed, vary between
the studies. There are studies in which a whole vertebral column or FSU, either human [60] or animal [61]
with an inserted implant, has been used to conduct quasi-static tests. While this provides valuable insight
into the properties of the fusion device implanted in biological tissue, the results of these tests may not give
the correct properties of the implant itself. Therefore, if the goal is to characterize the spinal implant itself, a
rigid test setup should be used.
The modulus of elasticity, stiffness and yield point are often determined from the tests performed, allowing
comparison of different fusion device designs, materials and the interaction with surrounding tissues in the
spine.

1.3.3. Dynamic mechanical tests on spinal fusion implants
Fatigue tests on spinal implants are usually performed to determine the response to dynamic tests. Although
ASTM F2077 standard [56] specifies the test method for dynamic testing, others have developed their own
test methods [45, 57, 58] that are similar to the standard. The test parameters, such as test frequency, loads
and run-out cycles, and test setup varied from study to study. The test environment has usually been air, but
a wet environment has also been employed [45].
The aim of the fatigue test is to determine how many cycles at a certain load it takes for the implant to fail.
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1.4. Aim of the study

The test is usually carried out for different loads until the implant fails before the specified number of cycles
(known as run-out). An S-N curve can be plotted, and the endurance limit determined. The results of the
fatigue test indicate whether the implant is safe under physiological loads and the conditions that it will ex-
perience for the expected implanted lifetime.
The fatigue test is important and valuable for determining the safety of the implant, but as described in sec-
tion 1.1.5, harmful WBV effects as observed by Marini [24] have not been investigated. A broad frequency
range of a sinusoidal displacement imposed on the implant in a base-excitation-like model with observation
of how different properties of the implant can change the response could be important, as the detrimental
effects of these conditions have been observed at frequencies ranging from around 34-40Hz [24]. Therefore
it would be useful to consider these properties when designing and manufacturing spinal implants.

1.4. Aim of the study
The aim of the master thesis was the production of lattice design spinal cages which are 3D-printed and
examined for mechanical properties, especially under WBV conditions. In the laboratory where the thesis
was conducted the knowledge of lattice design spinal cages and the harmful effects of WBV on human IVD
have been studied. The lattice design implants studied by Egan [48–51, 62] have shown promise, particularly
for spinal fusion, while Marini [24, 63, 64] has demonstrated the detrimental effects of WBV on the human
disc. Therefore combining the findings to investigate the lattice cage design, manufacturing, quasi-static
properties and effects of VBW was a natural step.
The main objective was to design lattice spinal cages with different unit cells, changing porosity and 3D-
printing direction. It had to simulate the position and conditions in the spine while allowing to test for the
mechanical properties and observing the response of detrimental WBV conditions.
The research questions for this study were defined as:

• How to manufacture a lattice spinal cage design, for which quasi-static mechanical properties and be-
haviour under WBV can be observed?

• How do different unit cells influence the 3D printing, mechanical properties and WBV response?

• How does the 3D printing direction of the lattice spinal cage influence the 3D printing, mechanical
properties and WBV response?

• How does the porosity of the lattice spinal cage influence the 3D printing, mechanical properties, and
WBV response?

• What is the response of the lattice spinal cages when using a base excitation model for a broad fre-
quency range simulating WBV conditions, and is it similar to the response of the human IVD?

• Which design parameters improve the safety of the lattice spinal cages for WBV conditions?

From the above research questions, the main objectives of the research are clear. Design, manufacture and
examine the 3D-printed lattice spinal cages. Determine their mechanical properties and their response to
WBV conditions. These findings will be used to investigate the safety and importance of observing how WBV
conditions affect the lattice design implants and hopefully provide valuable insights.
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2
Materials and Methods

2.1. Design of lattice structure
The design of the unit cells, the building blocks of the scaffolds, was chosen to meet the desired properties,
porosity and mechanical properties as described in chapter 1.3. A single unit cell, defined by the truss diam-
eter φ and the cell length Lc , was patterned into a 5x5x2 (width x depth x height) scaffold. A cylindrical base
(φ = 30mm, height=20mm) was added at the top and bottom, which acts similar to the vertebral body (Figure
2.1). The base-scaffold-base construct resembles the FSU and is especially important when conducting the
dynamic test, because if the scaffold is to be under tension, and if there were no connection to the base, no
tension forces would be possible on the scaffold.

(a) (b) (c)

Figure 2.1: CAD models of: a) a single unit cell (FX-cube), b) a scaffold of 5x5x2 patterned unit cells, c) a testing sample made out of two
bases on top and bottom of the scaffold.

Four different unit cells were selected (Figure 2.2): Body Centered Cube (BC-cube), Face Centered Cube (FX-
cube), Truncated Octahedron (T-octa), and Negative Poisson’s Cube (NP-cube). The first three unit cells were
chosen based on the findings of Egan [48–50, 62, 65], where they showed good mechanical properties while
having a good surface-to-volume ratio and at high porosity. The NP-cube in general was chosen, because we
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2.1. Design of lattice structure

wanted to observe how a unit cell with negative Poisson’s ratio responds to dynamic loading, while the spe-
cific type of the NP-cube was chosen because if it’s simplicity to go from 2D to 3D. All unit cells, except for the
Negative Poisson’s ratio unit cell, were designed using Python code, with permission, from the previous work
of Paul Egan, which automated Abaqus software to generate lattice structures with user-defined properties.
The user can define the unit cell type, truss diameter and porosity. The unit cell can be patterned in all three
directions to obtain the desired size.
For the Negative Poisson’s ratio unit cell, the geometry was created in Solidworks, while the theoretical Pois-
son’s ratio and porosity were calculated in Matlab.

(a) (b)

(c) (d)

Figure 2.2: CAD models of unit cell designs: a) Body Centered Cube (BC-cube), b) Face Centered Cube (FX-cube), c) Truncated Octahe-
dron (T-octa), d) Negative Poisson’s Cube (NP-cube).

The scaffold height ranged from 5.5 to 12.3 mm, depending on the unit cell and porosity. This was in the range
of the human IVD height [13], and although there is a noticeable difference in height between the designs,
this was done to maintain the same pattern. The nominal cross section ranged from 169 to 475.2 mm2, again
depending on the unit cell and porosity. The base was printed with 100% infill, with the stiffness of the base
kept higher than that of the lattice structure in between.
The porosity was determined for all scaffolds as follows:

P = 1− V olumesca f f old

V olumesol i d

Where V olumesca f f old is the total volume of the 5x5x2 scaffold and V olumesol i d is the volume if the outer
dimensions of the scaffold would form a solid box. Individual unit cells have a slightly different porosity than
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2. Materials and Methods

Table 2.1: Number of samples.

Unit cell BC-cube FX-cube T-octa NP-cube
Porosity[%] 50∥ 50⊥ 70⊥ 50∥ 50⊥ 70⊥ 50∥ 50⊥ 70⊥ 50∥ 50⊥ 70⊥

Number of samples 3 3 3 3 3 3 3 3 3 3 3 3

whole scaffolds, because individual cells in scaffolds have the same adjacent truss.
The truss thickness was kept constant at 0.8mm, while the porosity and 3D printing direction were variables.
The 3D printing direction was either parallel (called parallel ∥) or perpendicular (called perpendicular ⊥) to
the direction of testing.
For the first test cycle, a porosity of P=50% and both printing directions were chosen. In order to assess the
effect of considerable changes in porosity, a second cycle was introduced with P=70% for the BC-cube, FX-
cube and, T-cube and the NP-cube printed at a perpendicular 3D printing direction, which showed better
mechanical properties. Table 2.1 shows the number of printed samples to be characterised and tested later
on.
The pore size was not user-defined, as the truss diameter and porosity were already used as boundary condi-
tions, therefore pore size was not a concern for this research.

The BC-cube (Figure 2.2a) and the FX-cube (Figure 2.2b), both from the cubic family, have an octagonal
cross section, as was the case in the studies by Egan [49]. A BC-cube has trusses at the edges of the cube and
additional beams extending from the corners to the center of the cube. It has been shown to be advantageous
because it maintains high porosity, shear modulus and surface-to-volume ratio compared to other topologies
[49].
The FX-cube has trusses at the edges of the cube and includes beams from corner to corner on each face of
the cube. It showed good Elastic modulus values at useful porosity for tissue ingrowth [48], and the nominal
scaffold size was still not too large at the selected porosity because the interior of the cell was free of beams.

The T-octa unit cell (Figure 2.2b), from the Truncated Family, has also an octagonal cross section. The
T-octa cell is created by taking an octa cell (with beams that begin and end in the center of each cubic volume
face) and putting it in a square shape for each octa cell connection [49]. This unit cell was of interest because
Egan described that although the T-octa cell has a relatively low modulus of elasticity compared to other unit
cells tested, he attributed this to a bending dominated topology of the cube [49], and believed that this would
be well-suited for applications where energy absorption is advantageous.

An orthotropic 3D re-entrant auxetic structure was selected as the unit cell that displays negative Poisson’s
ratio. The design parameters of the NP-cube is based on the paper of Yang et al. [55], where the design goes
from a 2D (Figure 2.3a) to a 3D (Figure 2.2d) re-entrant lattice structure. The Poisson’s ratio and porosity were
defined through an iterative procedure of tuning the geometry, such that the nominal scaffold size would be
in the range of other scaffolds for the 5x5x2 pattern. A square cross section was used for the trusses, so that the
properties could be calculated as described by Yang et al. [55]. A Matlab script was written to tune the design

with the geometry parameters as input and Poisson’s ratio as output, using the equation ν = L2cosθ(α−cosθ)
2αt 2+L2si n2θ

.
The parameters in the equation are visible in Figure 2.3b and where t is the truss thickness andα =H/L. Once
the geometry parameters were known, the design was drawn in Solidworks to obtain a unit cell. This cell was
then patterned to achieve the desired scaffold of 5x5x2 unit cells. Then the porosity was calculated from the
known volume of the scaffold from Solidworks and the calculated solid volume. If the desired porosity was
not yet achieved, the procedure was repeated until the desired porosity was reached. The Poisson’s ratio,
which was found to work well after iteration, was ν=-0.71 and was kept constant for 50% and 70% porosity.

2.2. 3D printing
For the production of the lattice structures an Objet500 Connex3 (Stratasys, USA) was used. It utilizes polyjet
3D printing which is a technique where the print head jets microscopic layers of liquid photopolymer onto
a build tray and instantly cures it with UV light [66]. This process is repeated until all layers make up the
desired part. The layer resolution was set to 30-micron. A photopolymer material VeroWhitePlus (Stratasys,
USA) was used (ρ = 1.17–1.18g/cm3, E = 2000−3000MPa, Tg = 52−54○). This material has identical mechan-
ical properties as the bio-compatible MED610 polymer which was used in the study of Egan [67], allowing to
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2.3. Embedding of Samples

(a) (b)

Figure 2.3: a) 2D re-entrant auxetic unit cell. b) Parameters that define the re-entrant auxetic unit cell. [55]

compare the results. However, VeroWhitePlus is not biocompatible, but this was not an issue in this study as
no biological tests were involved.
The samples were printed in combination with SUP706 support material, which filled the voids and sur-
rounded the samples (Figure 2.4a). The support material was removed by immersing the printed parts in
a base solution of 2% NaOH:1% Na2SiO3 in distilled water, and stirring them with a magnet for 7-10 hours
(Figure 2.4b). The samples were later rinsed with water, immersed in 5% acetic acid solution for one minute,
rinsed with water again and dried in the air (Figure 2.4c).

(a)

(b) (c)

Figure 2.4: a) Samples after 3D printing in different directions, left: parallel, right: perpendicular. b) The support material dissolved in a
base solution while a magnet stirring underneath the samples. c) Sample after the cleaning process.

The density and elastic modulus of the nominal material were determined by 3D printing 6x6x6mm solid
cubes. The density was determined ρ = 1.13g/cm3, and the modulus of elasticity E = 1940MPa.
The samples were weighed (Mettler Toledo, USA) and the nominal height and cross-section were measured
using a caliper (Mitutoyo, Japan). Using a Dino-Lite digital microscope, images were taken with an object of
known scale to see the 3D printing imperfections and to determine the beam diameter. The beam diameters
were measured from the images using ImageJ software. The plots for the nominal dimensions and beam di-
ameters were done using GraphPad Prism v8.0.
A micro-CT (Scanco Medical µCT100, Switzerland) at medium resolution (80µm voxel size) was employed to
image one sample from each group and compare the 3D printed parts to the CAD model. The image analysis
was performed in MITK-GEM 2016.

2.3. Embedding of Samples
Since the dynamic mechanical experimental testing setup originated from earlier studies by Marini [24], it
was necessary to embed the 3D printed samples in the metal cups to be able to carry out the experiment.
This process was very slow, as the samples were brittle and could break easily, while at the same time a very
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2. Materials and Methods

careful attention was paid to embedding the samples perpendicular to the bottom cup face using a spirit
level.

(a) (b)

Figure 2.5: a) First embedding of the sample in the top cup. b) Second embedding of the sample in the bottom cup.

The base of the sample was held in place with three screws fastened into the U-notch and surrounded by a
2-component acrylic system for embedding for grinding in material testing (Suter Kunststoffe AG) in a vol-
ume ratio: powder (SCS-Beracryl D 28 Powder):liquid (SCS-Beracryl D 28 Liquid) = 100:50 (Figure 2.5a). The
cups were coated with moisturizing cream, which facilitated the removing of the samples. The samples were
first embedded in the top cup (Figure 2.5a), left to harden for about 30 minutes. Then the samples were re-
versed and mounted on an embedding assembly of four rods connected to the bottom cup (Figure 2.5b) and
embedded. After hardening of the samples, they were carefully removed from both cups, inspected, labeled
and stored.

2.4. Mechanical testing
Static compression and dynamic tests were performed on Instron E10000 ElectroPuls™in air and at room
temperature.

(a) (b)

Figure 2.6: a) Static testing setup on Instron. b) Dynamic testing setup on Instron.
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2.4. Mechanical testing

2.4.1. Quasi-Static compression test
Quasi-static compression tests were carried out before the dynamic test and embedding of samples. The
samples were placed between two flat compression platens (Figure 2.6a) and a 10kN load cell measured the
force. The compression tests were performed in displacement control. The compression speed rate was
determined based on tests on similar scaffolds from Egan [48], where the rate was defined as 20% strain (of
the scaffold height) in 1 minute of loading. Since the samples had to be undamaged after the compression
test in order for the dynamic test to be performed, the compression was conducted to a maximum of 3%
strain (of the scaffold height). Matlab was used to interpret the Instron data and determine, in the linear
region of the force-displacement curve, the elastic modulus E and stiffness k (Appendix E). Where necessary,
the measured sample dimensions were used for the calculations. Four compression tests were performed for
each sample and the last three were taken to calculate the mean value and standard deviation. Stress-strain
of all unit cell types, 3D-printing directions and porosity were done using Matlab.

2.4.2. Dynamic test
After the quasi-static test had been performed, the samples were embedded in the test cups (as described in
section 2.3) and mounted in the test setup (as shown in Figure 2.7d).
A test fixture, which was already applied to test a human functional spine unit (FSU) [24], was used (Figure
2.6b). It mimics a base excitation model (Figure 2.7b), in which the top free moving mass represents the
upper body weight pressing on the specimen while a cyclic displacement was applied to the sample from
below. The upper mass consisted of the four-arm crossbar bolted to the top embedding cup and restrain-
ing cylinder which combined for 6kg. Additional weights of 1.25kg each could be added on each end of the
four-arm crossbar, which were fixated by using conical designed holders (Appendix C). Marini showed that
the crossbar’s structure has the first mode of oscillation above 210Hz [24] and would not interfere with the
testing results.
A new adapter plate between the Instron and the testing setup had to be designed and manufactured (Ap-
pendix A), as the mechanical test device in the previous work (MTS Bionix®, USA) was different from the
current one (E10000 ElectroPuls™, Instron®, USA). The bottom cup (Appendix B) was redesigned and newly
manufactured. The Instron actuator transferred the vertical movement to the bottom embedding cup via an
adapter plate and four pillars (Figure 2.7a-d). To prevent the upper mass from moving perpendicularly to
the direction of excitation, a restraining cylinder was limited by eight low-friction Teflon holders, which were
regularly lubricated with a silicone lubricant.
The accelerations were recorded by two accelerometers (4508 B 004, Brüel & Kjaer, Nærum, Denmark), one
(ẍ) on the top of the crossbar on the center of the free moving top (see Figure 2.7d) and the second (ÿ) on
the adapter plate (see Figure 2.6b, 2.7a,c). The accelerometer ÿ measured the input from the bottom of the
sample, but was placed on the adapter plate. This was done to protect the sensor from constant assembly
and disassembly for each sample after it had been determined that the location of the sensor has a negligi-
ble effect on the signal. The accelerometers were connected to a conditioning amplifier (2693-A-0S4, Brüel
& Kjaer, Nærum, Denmark) which in turn was connected to a DAQ (myDAQ University Kit, National Instru-
ments, USA). The program was written in LabVIEW (National Instruments, USA) (Appendix 4) to control data
capturing (time, both accelerations) and save the data in a text file for later data analysis. The sample rate
was set to 10kHz.

The dynamic test methodology was based on the Marini study [24]. After carefully mounting the sample
in the bottom cup, the Instron was lowered so that the four pillars and the crossbar with the top cup slid
onto the top part of the sample. After carefully tightening the screws into the cups, the Teflon holders were
inspected and tightened if necessary. A constant sinusoidal displacement to the lower embedding cup was
applied and controlled through the Instron by the user. The function that was exciting the sample from the
bottom was in the form of:

y = y0si n(2π f (t)t)
and had a frequency sweep rate of 0.1H z/s while the y0 amplitude was set to 0.1mm for all samples. The fre-
quency increased linearly from a set low frequency 10H z to a set high frequency 60H z (Increasing Frequency
Sweep, IFS), and if the sample did not break, the frequency was reversed (Decreased Frequency Sweep, DFS)
back down to 10H z. The broad frequency range was in the scope where dangerous effects on the IVD were
observed [24, 27, 33] and increased to a maximum of 60H z, where it was still comfortable and safe to use
the Instorn testing device. The mass on top of the sample was 16kg, of which 10kg was from the eight added
weights and 6kg from the crossbar, restraining cylinder, top cup and some bolts. The preload was chosen
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2. Materials and Methods

Figure 2.7: a) Dynamic testing setup. b) Base excitation model depicting what the dynamic testing setup is trying to resemble. c) Ex-
ploded view of the dynamic setup . d) Cross section of the dynamic setup.

based on the minimal weight that Marini used on human IVD testing and more weight was not added, for
the safety of the testing device and the surroundings. If the sample broke, the test and data acquisition was
stopped, otherwise the samples were carefully removed and stored.
The collected accelerometer data was imported into Matlab (Appendix F). Before the data was evaluated, a
low-pass Butterworth filter (passband frequency 75Hz, stopband frequency 120Hz, passband ripple 0.1dB,
stopband attenuation 200dB) was applied to the signal, to filter out any noise. After filtering the signal, a
Fourier transform was utilized to change the data from time domain to frequency domain. To assess the
magnitude of the response of the top free moving mass signal ẍ to the input signal ÿ , the ratio response to
input was computed, known as the transmissibility function T (ω) = Ẍ (ω)/Ÿ (ω). The Fourier transforms
were used for the calculations, which show the response of the system with respect to the specific frequency.
Gain and phase were observed and using the transmissibility function, the peak values of the T (ω) were de-
termined at the frequency of sample failure. If the sample did not fail, the peak T (ω) value was determined
and the differences between the IFS and DFS were observed.

2.5. Statistical analysis
Statistical analysis was done in GraphPad Prism v8.0. When comparing the measured scaffold length and
height a unpaired t test with Welch’s correction was used for the statistical analysis.
A Multiple comparisons ordinary one-way Anova statistical analysis was done on Elastic modulus results
from the compression test comparing different unit cell types. To compare the change of Elastic modulus
withing a unit cell type group, while changing either the 3D-printing direction or the porosity from 50% to
70%, a unpaired t test with Welch’s correction was used for the statistical analysis.
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3
Results

3.1. Build accuracy
Samples with fixed beam diameterφ=0.8mm and 5x5x2 unit cell pattern with changing unit cell type, porosity
and 3D-printing direction were manufactured. The samples were difficult to work with and required meticu-
lous handling not to get damaged and/or broken, especially when a heavy mounting testing setup was used.

In Table 3.1, the nominal dimensions of the lattice design and mean measurements with standard de-
viation of the manufactured samples are displayed. The mean nominal scaffold length dimensions were
generally accurate with 1.7% being the biggest difference while the mean nominal height dimensions were
slightly less accurate with 9.6% being the biggest difference between the measured and the designed values.
The scaffolds measured length was within 0.23mm while their height was within 0.53mm of their designed
dimensions. The length of all printed scaffolds does not have a large deviation from its design dimension,
and with a small bias of being too large for the P=50%∥ whereas the length of other scaffolds do not show a
consistent deviation (Figure 3.1a-d). The 3D printing direction (for P=50 % both the ∥ and ⊥) seems to have a
slight influence on the scaffold length since for all unit cells the parallel samples have a larger scaffold length
for all unit cells, but does not show significance for any unit cell type. The p-values when comparing P=50∥
and 50⊥ are 0.0657 for the BC, 0.1256 for the FX, 0.3530 for the T and 0.3155 for the NP-unit cell. The scaffold
height measured between the bases was in most samples smaller than the CAD design. The deviation was
within 1% of the CAD height, except for the parallel 3D-printed unit cells, which showed a larger deviation of
the designed height (Figure 3.1e-h). For the BC unit cell P=50% scaffolds, both the parallel and perpendicu-
lar 3D-printing direction, had a noticeable higher scaffold height than the designed dimension (Figure 3.1e).
The 3D-printing direction for all unit cells (for P=50% ∥ and ⊥) shows that when printed in a perpendicular
direction, the samples are higher. The influence of 3D-printing direction on height was significant for all unit
cell types(Figure 3.1e-h). The weight of the whole scaffolds represents the weight of the scaffold and its two

Table 3.1: Nominal design values compared to the measurements after fabrication. All scaffolds had a 5x5x2 unit cell configuration.
Sample measurements are presented as Mean (SD).

Lattice design Mean measurements

Unit cell
Porosity

[%]
Diameter

[mm]
Unit cell

length [mm]
Length
[mm]

Height
[mm]

Weight of whole
sample [g]

Length
[mm]

Height
[mm]

Weight of whole
sample [g]

50∥ 0.8 2.6 13.80 5.50 29.84 14.03 (0.09) 5.9 (0.02) 30.78 (0.06)
BC 50⊥ 0.8 2.6 13.80 5.50 29.84 13.79 (0.13) 6.03 (0.03) 30.49 (0.35)

70⊥ 0.8 3.6 18.80 8.00 30.20 18.77 (0.09) 7.95 (0.02) 30.82 (0.03)
50∥ 0.8 2.8 14.80 6.40 30.07 15.00 (0.13) 6.12 (0.02) 31.28 (0.05)

FX 50⊥ 0.8 2.8 14.80 6.40 30.07 14.82 (0.05) 6.43 (0.01) 30.89 (0.08)
70⊥ 0.8 4.2 21.80 9.20 30.75 21.82 (0.13) 9.15 (0.02) 31.40 (0.03)
50∥ 0.8 2.4 13.00 5.70 29.67 13.10 (0.13) 5.38 (0.03) 30.86 (0.02)

T 50⊥ 0.8 2.4 13.00 5.70 29.67 13.01 (0.02) 5.65 (0.02) 30.42 (0.05)
70⊥ 0.8 3.2 16.80 7.20 29.89 16.75 (0.04) 7.12 (0.02) 30.48 (0.02)
50∥ 0.8 3.9 16.30 10.10 31.38 16.27 (0.17) 9.89 (0.05) 31.39 (0.03)

NP 50⊥ 0.8 3.9 16.30 10.10 31.38 16.14 (0.03) 10.09 (0.02) 31.20 (0.08)
70⊥ 0.8 4.6 19.65 12.30 31.90 19.67 (0.06) 12.22 (0.02) 31.29 (0.01)

bases. Since the bases are considerably heavier than the scaffolds, and the latter contribute only around 2%
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3. Results

of the total weight, it is not possible to determine any changes of mass between 3D printing directions just
for the scaffolds. It is, however, possible to say, that in general the 3D-printed samples were heavier than the
designed parts (ranging up to 4%). Only the perpendicular NP unit cell samples showed a slightly smaller
mass (up to 2.1% smaller for the NP70⊥) compared to the designed weight, while for the parallel NP scaffold
the difference was negligible.

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

(e) (f) (g) (h)

Figure 3.1: Measured scaffold length and height for all 3D-printed unit cells (columns) and their corresponding CAD values (dotted
lines). On all plots, the x-axis represents porosity in % and the 3D-printing direction.

Beam diameter
Observation of the influence of 3D-printing direction, unit cell type and porosity on beam diameter and print
quality in general was done using a digital microscope. The 3D-printing direction (Figure 3.2a) determines
how the layers are stacked upon each other. Regarding parallel printing direction, all sides of the scaffold
are the same (in Figure 3.2a S1=S2). Perpendicular direction on the other hand exhibits some differences be-
tween the side that was parallel to the printing bed (S2) and the side that was perpendicular to the printing
direction (S1). Thus, in case of the parallel 3D-printing direction samples beam measurements for the S1 side
are given, while for the perpendicular 3D-printing direction, measurements for S1 and S2 were taken.
The visual difference between printing direction, when observing the same unit cell type (BC) and poros-
ity(P=50%), are clearly seen in Figure 3.3. The layers are distinguishable and the S2 side of the perpendicular
sample has a visual different appearance, since it is either the first or the last building layer of the scaffold. In
Figure 3.3c, an error in the finished part is enlarged and this was just one of many that we have observed.
In Figure3.4, figures of all unit cell types, 3D-printing direction and porosity are shown. Next to the visible
change in 3D-printing direction previously described, the change of porosity within a unit cell type clearly
shows a higher quantity of empty volume space, desirable for better fluid flow. In the T unit cell type, some
design features were melted together with others, when compared to the CAD model. This is due to the fact
that the design features were so small and the 3D-printing technique not accurate enough, hence some de-
tails have been lost.
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3.1. Build accuracy

(a) (b)

Figure 3.2: a) Printing directions, ∥-parallel and ⊥-perpendicular. b) Scaffold sides, S1 and S2.

(a) (b)

(c) (d)

Figure 3.3: Figures of BC cube of 50% porosity: a) parallel printing, S1 side, b) perpendicular printing, S1 side, c) Enlarged error in 3D
printing from parallel printing (Figure 3.3a), d) perpendicular printing, S2 side. The width of the metal object in the bottom left is 1mm.

In the described sides of the scaffold (S1 and S2), the beams were grouped in 3 directions of the beam
orientation. 0deg was defined as the the beams being parallel with the testing direction, 90deg beams as being
perpendicular to the testing direction, while 45deg beams are aligned between the 0deg and 90deg beams.
For perpendicular printed samples samples on the S2 side, the 0deg and 90deg beams were grouped together
because the 3D printing did not have an effect on the beam build quality. For the NP unit cell scaffolds, there
are no 90deg beams and therefore these measurements are absent in S1 and S2 sides.
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3. Results

Figure 3.4: The scale (the width of the metal object in the bottom left) is 1mm.
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3.1. Build accuracy

Table 3.2: Mean beam diameter with standard deviation (SD) for all unit cell types, porosity and printing direction. Maximum and
minimum local beam diameter measurements on the right.

Lattice design Side S1 Side S2 Local beam diameter

Unit Cell
P

[%]
Diameter

[mm]
0 deg
[mm]

45 deg
[mm]

90 deg
[mm]

0/90 deg
[mm]

45 deg
[mm]

min
[mm]

max
[mm]

range
[mm]

50∥ 0.800 0.778 (0.020) 0.744 (0.025) 0.682 (0.029) / / 0.655 0.797 0.142
BC 50⊥ 0.800 0.749 (0.014) 0.737 (0.019) 0.743 (0.016) 0.819 (0.034) 0.805 (0.017) 0.692 0.873 0.181

70⊥ 0.800 0.796 (0.028) 0.845 (0.023) 0.831 (0.021) 0.881 (0.019) 0.842 (0.015) 0.759 0.918 0.159
50∥ 0.800 0.820 (0.023) 0.740 (0.018) 0.787 (0.022) / / 0.705 0.861 0.156

FX 50⊥ 0.800 0.817 (0.025) 0.762 (0.021) 0.884 (0.015) 0.832 (0.048) 0.789 (0.028) 0.740 0.905 0.165
70⊥ 0.800 0.782 (0.011) 0.840 (0.017) 0.821 (0.018) 0.862 (0.026) 0.880 (0.022) 0.766 0.920 0.154
50∥ 0.800 0.743 (0.020) 0.699 (0.038) 0.751 (0.025) / / 0.645 0.788 0.143

T 50⊥ 0.800 0.796 (0.023) 0.779 (0.036) 0.791 (0.041) 0.839 (0.029) 0.786 (0.021) 0.733 0.894 0.161
70⊥ 0.800 0.798 (0.019) 0.804 (0.030) 0.885 (0.021) 0.909 (0.028) 0.857 (0.027) 0.751 0.966 0.215
50∥ 0.800 0.717 (0.028) 0.728 (0.028) / / / 0.676 0.769 0.093

NP 50⊥ 0.800 0.791 (0.020) 0.760 (0.022) / 0.844 (0.027) 0.829 (0.029) 0.725 0.887 0.162
70⊥ 0.800 0.801 (0.015) 0.809 (0.019) / 0.932 (0.021) 0.908 (0.014) 0.776 0.969 0.193

In Table 3.2, the mean beam diameter measurements with the standard deviation are included all unit
cells. It also contains the minimum, the maximum and the range for the local beam diameter, which includes
all beam orientations in the given sample.
The designed beam diameter was set at 0.800mm while the measured local beams ranged from 0.645mm
(T50∥) to 0.969mm(NP70⊥). The range width varied from 0.093 for NP70∥ to 0.215mm for T70∥. The standard
deviation of beam measurements ranged from 0.011 to 0.048 which shows that there were small deviances
within a beam orientation for each sample.
In general, 50∥ samples had lower than the designed beam diameters, whereas the rest, for side S1, varied
from being undersized to being oversized. The S2 side, however, shows that there is a trend that most beam
diameters are larger than the CAD 0.800mm diameter.
In Figure 3.5a the mean beam measurements with the standard deviation for the S1 side are provided for all
unit cell types, 3D-printing direction and porosity. Side S2 is graphically presented in Figure 3.5b as mean
values with the given SD. However, for side S2 the 0deg and 90deg values are combined (NP has only 0deg
measurements).

(a) (b)

Figure 3.5: Beam diameter measurements for: a) side S1, b) side S2. The dotted line represents the desired design beam diameter.
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3. Results

Micro CT
Micro CT scanning was performed on selected samples to determine the volume of the manufactured parts
(VC T ) and to compare them to the designed CAD volume(VC AD ). The volumes of CAD compared to the CT
values can be observed in Table 3.3.
First, three samples per group for BC50∥ (Figure 3.6b), BC50⊥ and BC50∥-just scaffold (Figure 3.6a) were
scanned and the mean values with standard deviation were determined. The rest of the unit cell types had one
sample per group. The just scaffold volume was compared to the scaffold whose top and bottom base were
removed in software post processing from the micro-CT model. This comparison was made to see the effect
of 3D-printing a base on top and bottom of the scaffold. Comparison between 3D-printing directions, while
keeping the unit cell type and porosity unchanged, was made between BC50∥ and BC50⊥. For all samples

whose standard deviation was determined, this was low for all groups, reaching up to 1.2mm3 for the BC just
scaffold. This indicated that there was not much deviation within a sample group. Volume of printed samples
was also determined for the 70% porosity samples, to check how the change of porosity may influence the
volume difference from the CAD models (Figure 3.6c).
All measurements show that the sample volume is lower than the designed volume. This ranged from -10.4%
lower for the FX50⊥ and 29.0% lower for the NP50∥. The BC50⊥-just scaffold was 17.2% smaller compared
to the CAD while the cut BC50⊥ was 22.5% smaller. The BC50∥ was 23.9% smaller compared to CAD. The
3D-printing direction shows that for all unit cell types the parallel direction has a noticeable smaller volume
than that of the perpendicular. 70% porosity causes the volume to become smaller again which is true for all
unit cell types at around 20% smaller for all groups.

(a) (b) (c)

Figure 3.6: µCT imaging of BC cube perpendicular 3D printing direction: a) 50% porosity scaffold only, b) 50% porosity scaffold with a
removed top and bottom base, c) 70% porosity scaffold with a removed top and bottom base.

Table 3.3: Scaffold volume of CAD model compared to measured Volume from CT imaging.

BC just
scaffold

BC FX T NP

P[%] 50⊥ 50∥ 50⊥ 70⊥ 50∥ 50⊥ 70⊥ 50∥ 50⊥ 70⊥ 50∥ 50⊥ 70⊥
VC AD [mm3] 568.5 568.5 568.5 885.74 778.4 778.4 1374.9 418.0 418.0 614.6 1186.4 1186.4 1489.8

VC T [mm3] 470.9 (1.2) 432.5 (1.3) 440.8 (0.7) 666.0 613.5 697.4 1116.3 353.4 368.8 490.8 842.8 945.5 1160.5
Change [%]: -17.2 -23.9 -22.5 -24.8 -21.2 -10.4 -18.8 -15.4 -11.8 -20.1 -29.0 -20.3 -22.1

3.2. Compression test
Compression test was carried out on 3 samples per each group. The mean elastic modulus with their corre-
sponding standard deviations and the sample stiffness were calculated from the Instron data collected (Table
3.4). For every sample 3 compression tests were conducted, and all samples had very little deviation, ranging
from less than 0.1% up to 3% from their mean calculated values. This indicated that the testing method and
the testing setup were adequate. The deviation within groups was higher, indicating that the 3D-printing of
the samples does not always produce the same quality parts. For most groups, the standard deviation was
within 5% of the mean calculated elastic measurements, while for BC50 parallel and perpendicular groups
the deviation was higher. The BC50∥ sample exhibited as much as 20.4 MPa (14%) and BC50⊥ samples 43.4
MPa (23.3%).
All samples were compressed to 3% of their scaffold height, except for NP70⊥ where the strain was applied
to 2%. If the compression had been higher, this could have resulted in a plastic deformation or failure of the
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3.2. Compression test

scaffold.

Table 3.4: Results of the compression test. E and k values are represented as mean(SD).

Unit cell
P

[%]
Height
[mm]

Length
[mm]

Area
[mm2]

E
[MPa]

k
[N/mm]

50∥ 5.5 13.8 190.4 145.5 (20.4) 4855.8 (693.5)
BC 50⊥ 5.5 13.8 190.4 185.7 (43.4) 5848.7 (1317.2)

70⊥ 8.0 18.8 353.4 135.6 (2.0) 6011.2 (92.2)
50∥ 6.4 14.8 219.0 205.5 (4.3) 7551.7 (126.9)

FX 50⊥ 6.4 14.8 219.0 313.5 (13.8) 10710.3 (472.7)
70⊥ 9.2 21.8 475.2 144.6 (2.2) 7538.5 (139.0)
50∥ 5.7 13.0 169.0 131.8 (1.1) 4203.0 (51.9)

T 50⊥ 5.7 13.0 169.0 185.9 (10.5) 5559.0 (323.5)
70⊥ 7.2 16.8 282.2 101.7 (3.9) 4006.9 (139.9)
50∥ 10.1 16.3 265.7 54.9 (1.9) 1468.2 (45.4)

NP 50⊥ 10.1 16.3 265.7 144.9 (2.4) 3747.9 (66.4)
70⊥ 12.3 19.7 386.1 85.2 (4.0) 2693.5 (119.8)

The stress-strain curves show the differences for unit cell type and 3D-printing direction (Figure 3.7a) whereas
in Figure 3.7b the curves show the difference with change of porosity with keeping the unit cell type and 3D-
printing direction constant. The flatter the curve, the lower the Elastic modulus for the observed sample.
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Figure 3.7: Stress-Strain curves for: a) all unit cell types with 50% porosity and both printing directions, b) all unit cell types with 50%
and 70% porosity and perpendicular 3D-printing direction.

To be able to compare the compression test results, since only the 50% parallel and 50% perpendicular
scaffolds of same unit cell type had the same area size, the elastic modulus was compared, for either the unit
cell type (Figure 3.8a), 3D-printing direction (Figure 3.8b) or the change of porosity (Figure 3.8c).
The FX-cube had the highest mean elastic modulus of all unit cell types with FX50⊥ being the highest at
313.5(13.8) MPa. The FX-cube was also the highest in the 50∥ (205.5(4.3)MPa) and the 70⊥ (144.6(2.2)MPa)
group compared to other unit cell types.
BC-cube and T-cube followed with both having similar E values (all not significant) for 50∥ (145.5(20.4)MPa
for the BC-cube and 131.8(1.1) for the T-cube (p=0.4296)), 50⊥ (185.7(43.4)MPa for the BC-cube and 185.9(10.5)
for the T-cube (p>0.9999)) and 70⊥ (135.6(2.0)MPa for the BC-cube and 101.7(3.9) for the T-cube) groups. The
other not significant changes were between the BC50⊥ and NP50⊥ (p=0.2210) and between the T50⊥ and
NP50⊥ (p=0.2180).
The NP-cube had the lowest Young’s modulus when compared to other unit cells types, for the same printing
direction and/or porosity with the lowest value at 85.2(4.0)MPa for the NP70⊥.
The change of 3D-printing direction within the same unit cell type and constant porosity (P=50%) clearly
shows, that the perpendicular direction scaffold exhibited a higher strength (Figure 3.8b). The difference be-
tween the mean values is 28% for the BC-cube (p=0.2472), 53% for the FX-cube (p=0.0029), 41% for the T-cube
(p=0.0116) and 164% for the NP cube (p=<0.0001).
Raising the porosity from 50% to 70%, withing the same unit cell type and constant 3D-printing direction(⊥)
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(Figure 3.8c) results in a noticeable decrease of elastic modulus. Increasing the porosity from 50% to 70%
resulted in a decrease of the mean calculated E by 27% for the BC-cube (p=0.1833), 54% for the FX-cube
(p=0.0018), 45% for the T-cube (p=0.0022) and 41% for the NP-cube (p=0.0001).

(a) (b)

(c)

Figure 3.8: Elastic modulus compared for: a) different unit cell types, b) ∥ and ⊥ 3D-printing direction, c) change of porosity.
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3.3. Dynamic response

3.3. Dynamic response
The dynamic test was performed for all unit cell types, 50 and 70% porosity and both 3D-printing directions.
The applied oscillation can be seen in Figure 3.9 for the sample which did not break. The acceleration of the
input vibration on the bottom cup and the acceleration response of the top cup are plotted. The increase
frequency sweep (blue) and the decrease frequency sweep (red) are separated. The peak of the measured
acceleration occurs slightly after the direction change of the input frequency sweep. This was a characteristic
exhibited by the Instron at higher frequencies.

Figure 3.9: An example of the input oscillation and the response in time domain. The input signal on the bottom cup ranged from 10Hz
to 60Hz (blue) and back down to 10Hz (red).

If the data is presented in the frequency domain, there are two distinguishable plots. In Figure 3.10a
presents the input and response acceleration for the sample which broke during testing. If a failure hap-
pened, it occurred in the IFS, therefore the DFS curves of the input and response are not present. However, if
a sample did not break (Figure 3.10b), the input and response acceleration are presented for the IFS and the
DFS.

(a) (b)

Figure 3.10: a) Acceleration of the input and response signal for a sample that broke during the test. b) Acceleration of the input and
response signal for a sample that did not break during the test. Acceleration values are not accurate to real values, because of the Fourier
transform.

To determine the dynamic response of the disc, the ratio between the response and the input signal, called
transmissibility function, was determined for the tested frequencies. This function was plotted in the fre-
quency domain for all groups tested (Figure 3.11), with the most common response of the group shown.
While most groups showed either failure or no failure for all samples within the group, in two of the twelve
groups a combination of failed and non-failed samples were present. In addition, in three groups, there are
less samples than planned due to sample failure during the embedding or assembling processes of the dy-
namic setup.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 3.11: Gain plots, showing the most common response of the dynamic WBV testing. The data in the plot is from one sample within
the group. The first column represents the 50∥ scaffolds, the second column the 50⊥ scaffolds and the third column the 70⊥, while the
rows represent the unit cell type, in the following order: BC, FX, T and NP.
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3.3. Dynamic response

The transmissibility peak and break frequency are shown for the tested groups in Table 3.5. Mean values
with standard deviation are given if applicable.

Table 3.5: Results of the dynamic test. B-Broken, NB-not broken. Mean and standard deviations () are given. If the sample size is two,
the minimum and maximum values are reported.

Unit cell BC-cube FX-cube T-octa NP-cube
Porosity[%] 50∥ 50⊥ 70⊥ 50∥ 50⊥ 70⊥ 50∥ 50⊥ 70⊥ 50∥ 50⊥ 70⊥

Nr. of samples:
broken | not broken

2B | 1NB 0B | 3NB 1B | 2NB 0B | 2NB 0B | 3NB 0B | 3NB 3B | 0NB 0B | 3NB 3B | 0NB 1B | 0NB 0B | 3NB 2B | 0NB

Peak of transmissibility
T [/]

B: 3.78-3.83
NB: 1.79

1.47 (0.08)
B: 3.18
NB: 1.70-1.77

1.57-1.58 1.35 (0.02) 1.57 (0.09) 3.63 (0.07) 1.75 (0.15) 3.59 (0.23) 2.41 2.34 (0.07) 4.08-4.90

Break frequency
f [Hz]

B: 54.96-55.86
NB: 60

60
B: 60
NB: 60

60 60 60 56.26 (0.47) 60 55.40 (1.88) 52.32 60 51.98-54.87

If the samples broke, the peak transmissibility magnitude and the frequency are given. If the samples did not
break, the peak transmissibility magnitude is displayed, which was always at the highest test frequency of
60Hz. If both cases occurred within a testing group, both results are given.
There were some signal artifacts at low frequencies, while the samples still had no big response. Therefore,
the plots are not provided with the actual starting point of 10Hz but only from 20Hz onward.

The FX-cube unit cell had no broken samples during the dynamic testing, no matter of the porosity nor
3D-printing direction. Whereas other unit cell types had no failed samples for perpendicular 3D-printing
direction at 50% porosity. The parallel 3D-printing direction at 50% porosity had mostly broken samples
except for the FX-cube and one sample of the BC-cube unit cell type. At 70% porosity and perpendicular
3D-printing direction, it was again only the FX-cube and two samples of the BC-cube unit cell type which
exhibited no failure during the dynamic testing.

For broken samples, the peak transmissibility magnitude ranged from 2.41 to 4.90, while for the samples
which did not break, the measured T (ω) ranged from 1.35 to 2.34, at the highest frequency input of 60Hz.
The frequency at which the samples failed varied from 51.98Hz to 60.00Hz.
Regarding the testing sweep direction of the cases where no failure happened, there is a difference of how the
gain returned to 1 at low frequencies between the IFS and DFS. The gain of the DFS stays higher for a longer
decrease of frequency until it meets the IFS curve, a kind of hysteresis area. This is more evident for some
groups than others.
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4
Discussion

IVD degeneration can have severe consequences and is a financial burden, therefore advanced spinal im-
plants, which would replace the IVD and would be resilient to the conditions an IVD faces are needed. There
are medical [6] and economical [5] reasons why searching for new designs and concepts in spine surgery
technology are important. With 3D-printing as an emerging building technology being broadly applied in
the medical field, the lattice structured scaffolds were chosen to be investigated as possible spinal cages.
The high porosity of these scaffolds makes it desirable, since nutrient flow and bone growth like such envi-
ronments. 3D-printing is now allowing us to manufacture such structures, which was not possible before
additive manufacturing.
In order to to assess the lattice based IVD implants, four different unit cells were designed and manufactured.
A 5x5x2 patterned scaffolds of 50% and 70% with different 3D-printing directions were manufactured. Some
designs of the scaffolds had the porosity slightly off the targeted 50% and 70% because of the design process,
but the differences were negligible, therefore all scaffolds are described with the same values. Truss thick-
ness was chosen to be constant at 0.8mm to somewhat limit the variables. The scaffolds were designed with
porosity in mind but not pore size because it is easier to measure porosity and because porosity seems to be
more important for tissue ingrowth as long as the pore size is within a desired range [62].

4.1. Sample characterisation
The overall design of the scaffolds was in the range of the natural IVD for the height, since it is important
that the scaffold provides primary stabilization and protects from nerve impingement. The scaffold area is
generally smaller than that of human IVDs. This is often the case in spinal fusion implants, because they are
stiffer than human IVDs. The other reason is that they could lead to an ideal situation when the implant is
fully surrounded by bone to fuse the top and bottom vertebrae and creates a spinal column. In spinal fusion,
the use of rods and screws attaching together the neighbouring vertebrae is very common and, therefore, the
implant is not the only load bearing device implanted. For this reason the load transmits through several
points and could be beneficial in reducing stress shielding.
Build quality was compared with the design and compression mechanical properties were determined. Fi-
nally, the response of these scaffolds was observed under dynamic whole body vibrations, to determine how
3D-printed scaffolds react and how different unit cell parameters affect the response. In the future these find-
ings may help design and manufacture scaffolds, that would entail the influence of the dynamic VBW.

The base-scaffold-base design was employed to mimic a FSU, in which the IVD was changed for a spinal
cage. The cage is assumed to be well connected with the top and bottom bony vertebrae end plates, with
bone ingrowth, which is the goal of the spinal fusion. This presumption allowed us to 3D-print the base-
scaffold-base design as one sample and to test it in a way that the scaffold experienced compression and
tension during the dynamic testing. If we were to print the scaffolds on their own and test them between two
testing plates, when tension occurs, there would be no bond which would pull the scaffolds apart. Nonethe-
less, it was difficult to determine the properties and build quality of the scaffolds with the two bases being
attached. What is more, this design made it more difficult to handle with the samples, especially with the
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4.1. Sample characterisation

added embedding and the brittleness of the scaffolds.
The polyet 3D-printing technique used provided us with fairly accurate results. When the density of the 3D-
printed parts was compared to the specified density of the raw material, there was a slight decrease of only
around 3%, which is to be expected in 3D-printing. This was the result of small imperfections and air pockets
in the printed material. When the designed weight of the scaffold was calculated, the new determined density
was used.
The build layers were visible under the microscope and in some parts beam fabrication defects were ob-
served while the beam diameter was smaller than the designed dimension. This was especially noticeable
in the parallel printing direction which further may have caused a lower elastic modulus compared to the
perpendicular direction when compression tests were carried out. For the dynamic testing, the parallel sam-
ples were at a disadvantage from the beginning, since it is well known, that tension causes the layer adhesion
failure, while tension applied perpendicularly to the printing direction destroys the samples at higher loads.
Therefore, a higher failure rate was expected when applying the dynamic test.
Looking at the results for nominal dimensions, the scaffold lengths were close to the CAD design values,
whereas the scaffold height had a higher deviation from the design values. However, the variance for both
height and length cannot have influenced the later observed mechanical properties noticeably. The devia-
tion between samples in one group does show the nature of the 3D-printing, where imperfections between
print parts are observed. However, the 3D-printing direction did influence the nominal size of manufactured
scaffolds since an inclination for scaffold length was to be slightly longer for the parallel printing direction.
For scaffold height, an inclination was observed that samples printed in the perpendicular direction had
higher scaffolds. Comparing the 3D-printed scaffolds to the work of Egan et al.[48], who manufactured sim-
ilar scaffolds, similar deviations were observed with the scaffolds height being the exception, where slightly
larger deviation was measured. As he also observed, there seems to be accuracy dependency on the overall
size of the scaffolds, since the scaffolds with 70% porosity, which have larger overall dimensions, are closer to
the design dimensions.
From the sample weight measurements compared to the design values, it is not possible to conclude the
change of weight of the scaffolds alone, since the scaffolds represent only a minute percent of the total weight.
We may assume that the samples as a whole were generally heavier than those designed. This may be due to
the fact that the top and bottom bases have larger dimension after printing.

Beam diameter
The beam diameter was set at 0.8mm for all scaffolds, to reduce the variables in the design. The measure-
ments were taken for all scaffolds so that we were able to examine if the unit cell type, 3D-printing direction,
the beam orientation and/or the porosity have an influence on the beam diameter dimension. The local
beam diameter varied from approximately 0.15mm, being either too large or too small. The mean measure-
ments however had a smaller deviation from the designed value. The range in the local beams was the highest
at 0.215mm within a sample group. This shows that within the sample the beam diameter varied noticeably.
This could be because of 3D-printing inaccuracy, the differences between the prints at different times, local
beam failures and/or imperfect cleaning process.
No apparent connection was seen between the unit cell type and the beam diameter. Similar observations
were made for most of the beam orientations, with the exceptions being the 0deg direction having a bias to-
wards the designed value on the S1 side, while the 0/90deg direction beams on the S2 were all higher than the
designed values and also higher than the 45deg beams.
When the scaffolds were printed in the parallel direction, all four sides of the scaffolds were equal. Whereas
when they were 3D-printed in the perpendicular direction, the side parallel to the printing bed exhibited
higher than designed beam diameter dimensions and in general seemed to be less prone to defects. Com-
pression mechanical tests showed that when the layers were parallel to the testing direction, the mechanical
properties were stronger and less prone to failure.
When observing the data for the change in porosity (50% compared to 70%) on the S1 side (Figure 3.5a), it
seems that at a higher porosity, which also means a higher nominal size, the beam diameter is closer to the
design value. On the S2 side (Figure 3.5b), higher porosity(P=70%) produced higher beam diameter dimen-
sions, since in general all values are higher than at lower porosity (P=50%). This could be considered as the
same effect as it was observed in the nominal dimensions, i.e. that the beam diameter is accuracy dependant
on the scaffold size.
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4. Discussion

Micro CT
Micro CT scans were taken of the samples to compare the manufactured volume with the design volume.
The deviation within the samples was low, which may be interpreted as that the volume did not change im-
mensely within one sample group. All samples had a lower than designed volume, with the closest volume
being around 12% smaller than it’s equivalent design volume.
The difference between "just scaffolds", which were printed without the base, was compared to the scaffolds
printed with the base. The "just scaffolds" were 17.2% smaller than the designed volume while the scaffolds
with the base were 22.5% smaller, indicating a difference. This could be because of the base or because of the
process of producing the volume models without the bases from the CT scans, whereby some volume could
have been lost when cutting away the top and bottom base.
The perpendicular 3D-printing direction had smaller negative deviations from the design volume for all unit
cell types, while a higher 70% porosity, compared to a lower 50% one, had a slightly higher volume loss. We
observed a lower variance within unit cell types with 70% porosity which were approx. 20% smaller than the
CAD design. Whereas a higher variance within unit cell types with 50% porosity was measured, but still at a
lower volume than the CAD design for all 50% porosity scaffolds.
For all manufactured scaffolds, a loss of volume is evident, which is an important consideration when design-
ing implants, since a loss of volume might lead to changes in mechanical properties.

4.2. Compression test
Compression tests were performed on all of the samples with the applied strain that did not reach the plastic
region and permanently deform and/or damage the scaffolds. This was necessary so the samples could be
further used for the dynamic test. According to the initial testing and findings by Egan at al. [48–50, 62, 65],
it was determined that up to 3% strain would be safe for all scaffolds, except for the NP-cube at 70% porosity,
where 2% strain was applied, as applying more displacement would damage the samples.
The slopes in the linear region of the stress-strain curves (Figure 3.7) show the different elastic moduli that
the scaffolds exhibited during the compression test. This value allows us to compare the responses of the
scaffolds of different unit cell types, the change of 3D-printing direction and the change in porosity to load-
ing till a strain of 3% or 2% in the case of NP-cube.

If we compare the different four unit cell types used for the scaffold design, the FX-cube stands out with the
highest elastic modulus, reaching 313.5 MPa (P=50%, perpendicular 3D-printing direction) and the NP-cube
with the lowest with 54.9 MPa (P=50%, parallel 3D-printing direction). These results were expected since in
previous observations [48] the reported E value was highest for the FX scaffold as well. The Elastic modulus
of the BC-cube was slightly higher than that of the T-cube scaffolds. This is in line with the findings by Egan et
al. [65] where the T-cube was reported to have a slightly lower relative elastic modulus. The NP-cube showed
the lowest strength compared to other unit cell types for both porosity and both 3D-printing directions.
When comparing the FX-cube elastic modulus to the previous research results [48] (FX50∥ could be com-
pared), the scaffolds in this Master thesis showed a 32% higher value. For the BC50∥, the elastic modulus of
the scaffold was higher by 24% (compared to [48]) and by 16% (compared to [50]), while for the BC50⊥, the
elastic modulus of the scaffold manufactured for the purpose of the Master thesis was lower by 18% (com-
pared to [50]), but since the SD was high (44MPa) in this test, the difference could be negligible. In the BC70⊥
scaffolds, the elastic modulus for this work showed a 43% higher value than the one reported in the previ-
ous tests [50]. The T-cube and NP-cube scaffolds have not been previously tested for mechanical properties,
therefore, there was no comparison.
We can conclude that the elastic modulus values are not immensely different if we compare the FX and the
BC unit cell types to the previous studies, and especially, when considering the standard deviations within
sample groups with a different batch and test dates being a contributing factor. Two other trends are in line
with the outcomes of the recent studies, i.e. higher porosity results in lower elastic modulus and parallel 3-D
printing direction’s lower strength than that of the perpendicular.
Finally, here are the main observations. The FX-cube is the strongest, followed by the BC-cube, T-cube and
lastly the NP-cube. The 3D-printing direction had a noticeable effect on the elastic modulus, with all unit cell
types presenting higher values (from 28% to 164% higher) for the perpendicular direction. A higher porosity
within a unit cell type leads to a lower Young’s modulus (from 27% to 54% lower).
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4.3. Dynamic response

The stiffness of the scaffolds ranged from 1.5 kN/mm to 10.7 kN/mm. An additive manufactured titanium
cage [68] also using a truss-based design, had a stiffness of 31.2 kN/mm whereby the implant area was
300mm2. This shows that metal 3D-printed implants are much stiffer with the traditionally manufactured
metal cages having even higher stiffness values. A increase of the scaffold area leads to higher stiffness, which
could be a solution if the stiffness was too low for the 3D-printed polymer scaffold. However, due to stress
shielding, the lower stiffness of the scaffolds would be advantageous and could lead to a lower failure rate in-
tended to be applied in spinal fusion. In a study [69], where they compared PLLA cages with reduced stiffness
to a stiffer titanium cage, cages with lower stiffness showed significant enhancement in lumbar interbody fu-
sion. The PLLA cages with lower stiffness ranged from 2-4kN/mm, which is in the range of cages designed and
manufactured in this study. Such lower stiffness would also not present many mechanical stability problems,
as rods and screws are typically used to help fix the neighbouring vertebrae.

4.3. Dynamic response
Dynamic whole body vibration was applied to all unit cell types, 3D-printing directions and porosity using a
testing setup from a previous study used on human FSUs. The setup and applied displacement mimicked a
base excitation model.
Since the position of the accelerometer which collected the input acceleration (from the Instron actuator)
was not measured at the bottom cup, but was moved to the adapter plate, a test was performed to determine
the influence of the position (Figure 4.1a). The first accelerometer was put on the bottom plate and the sec-
ond on the adapter plate. The gain was observed from the collected accelerations in the frequency domain
(Figure 4.1b). Since the gain stays at around 1 for the whole testing range, it is fair to say, that the position of
the accelerometer did not affect the testing results.
The second control test was conducted to determine that the compliance of the top plate, the restraining
cylinder, the crossbar, the weights and the weight holders assembly was adequately low and would not intro-
duce any significant errors into the measured response of the free floating top base of the sample. Therefore,
a solid stainless steel cylinder was fitted in the place of the sample and was fastened to the top and bottom
plate (Figure 4.1c). The gain was observed between the top and bottom cup (Figure 4.1d). It was estimated to
be around 1 for all of the testing range, indicating that the top assembly parts were rigid and the connections
among them were adequately tight. The low compliance of the top assembly guarantees that the testing re-
sults are not influenced by the top assembly.

If we look at the results of the dynamic test, we can see that the scaffold had a response at high frequencies,
compared to what was seen on human IVDs [24]. The scaffolds had a notable response upwards of 50Hz if
they were damaged or undamaged. If the samples did not break, the peak transmissibility value could give
some clues if the sample was close to breaking, with lower values indicating stronger characteristics against
dynamic loading. The scaffolds showed a nonlinear response to dynamic loading, since the increase of the
gain was rapidly increasing before a failure.
Concerning the influence of the unit cell type, the FX-cube seems to be most resistant to such dynamic load-
ing, with no sample failures occurring. The FX-cube had also the highest elastic modulus values of the unit
cell types, which may lead to the conclussion that a higher elastic modulus is favorable for scaffolds protec-
tion against failure. The BC-unit cell type, which exhibited a slightly lower Young’s modulus than the FX-cube,
also showed good resilience against WBV, since the majority of its scaffolds survived.
However, in testing the T-octa and NP-cube unit cells, most of the test samples broke and are therefore less
resilient to dynamic loading.
Within the unit cell types when comparing frequencies at which the samples broke it was discovered that the
BC-cube and T-octa have similar values for 50∥, and that they are both higher than for the NP-cube. This was
expected since the NP-cube has a lower E value and sample failure at lower frequencies was the result of this.
The same was also evident for the 70⊥ group. Whereas for the 50⊥, where no failure was present, we can ob-
serve the peak transmissibility. The FX-cube had the lowest value at 1.35(0.02), followed by the BC-cube 1.47
(0.08), T-octa 1.75 (0.15) and the NP-cube 2.34 (0.07). This order indicates that regarding dynamic loading the
FX-cube is most resilient while the NP-cube is least resilient to dynamic loading.

The influence of the 3D-printing direction on the dynamic response was clear. The perpendicular direc-
tion samples exhibited no failure, whereas the parallel direction samples mostly failed. The FX-cube, which
in general seemed to be strong enough to withstand the dynamic testing, had no failure but we can still com-
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4. Discussion

(a) (b)

(c) (d)

Figure 4.1: a) Mechanical setup where the influence of the position of the accelerometer sensor was observed. b) Gain plot of the
data collected from both positions and compared. c) Mechanical setup where the top assembly was tested, if it had any large dynamic
response to the input signal from Instron. d) Gain plot showing the response of the top assembly to the input signal from Instron.

pare the peak T (ω) values. The perpendicular direction had a lower value of 1.35 (0.02) compared to the
1.57-1.58 value of the parallel direction, at the same porosity, which may indicate that for the FX cube the
perpendicular direction is more resistant to dynamic loading.

The increase of porosity from 50% to 70% has shown similar results as the compression test, where at higher
porosity the scaffolds had a lower elastic modulus. The higher porosity decreases the resistance capability of
the scaffolds to dynamic loading. This was most evident for the T-octa and NP-cube unit cell types, where
all scaffolds broke at the higher porosity compared to no broken scaffolds at the lower porosity. For the FX-
cube, a stronger scaffold was observed at 50% porosity at T (ω)=1.35 (0.02) compared to T (ω)=1.57 (0.09).
Moreover, at 50% porosity, the BC-cube experienced the highest peak at 1.47 (0.08) compared to 1.70-1.77,
indicating a higher load-carrying capacity scaffold at lower porosity.

For the samples where no failure occurred, a difference between the IFS and DFS can be observed. The
difference, displayed in the shape of a hysteresis, is the largest in the first 20Hz decrease from 60Hz for all
sample groups. Groups with a lower elastic modulus showed larger IFS-DFS differences. For example, the
NP50⊥ (Figure 3.11k)had a low Young’s modulus and showed a high response which may be interpreted that
the sample was close to failure. The FX50⊥(Figure 3.11e) which had a very high elastic modulus when com-
pared to others showed almost no difference between IFS and DFS. If the test was performed up to higher
frequencies, a bigger difference between IFS and DFS would be exhibited.

If we compare the results of the dynamic test to the results of the human IVD dynamic test on the same
testing setup it may be assumed that the tested scaffolds are more resistant to such dynamic loading. Marini
et al. [24] showed a jump phenomenon, where the scaffolds are at risk of failure, occurring at frequencies
ranging from 34.25 to 40.92Hz, at the same preload (16kg) and displacement (0.1mm) which was also the
case in this master thesis. For the samples used in this thesis, the lowest frequency at which the scaffolds
failed was at 51.98Hz. This shows that the scaffolds designed and manufactured in the above described way,
are capable of withstanding higher dynamic loads than human IVDs.
It is interesting to note that studies, albeit employing the discrete frequency testing method unlike the one
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4.4. Future perspectives

used in this thesis, have shown the range of resonance of the IVD to be from 8.0-10.4 [27] and 23.5-33 [33].
This range is again well below the results we obtained from the 3D-printed scaffolds. Therefore, considering
the response of the scaffolds to such base excitation like dynamic loading, we may assume, that lattice-based
structures like these should withstand these loads.

4.4. Future perspectives
The design of the lattice-based IVD implant could be further investigated further, with either other or existing
unit cells, with changing the truss diameter and adding reinforcements or other features and observing the
mechanical properties and the response to WBV. While we examined the change of homogeneous porosity of
the scaffolds, it would be interesting to investigate a change of porosity withing a scaffold, possibly making
it less porous around the exterior walls and gradually increasing the porosity towards the centre of the spinal
implant. This would make the scaffold stiffer on the outside and less stiff towards the center.
For the purpose of this Master thesis, we have chosen to control the porosity and not the pore size of the
scaffolds. Since pore size may be important when implants are concerned, the influence of pore size on other
properties of the scaffold could be investigated.
Today, 3D-printing may be applied to various kinds of materials, not just polymers but also metals, ceram-
ics and others. Therefore, it may be beneficial to investigate other applicable materials, which could better
promote osteointegration or have better specific material properties. Further, it would be sensible to explore
what kind of mechanical properties such materials provide in lattice-based implants and how they respond
under WBV dynamic testing.
While the polyet 3D-printing technique provided us with fairly good accuracy, it was still evident that 3D-
printed parts had some errors and the layers were distinguishable. Therefore, the material was not homoge-
neous. Consequently, new 3D-printing techniques should be explored, which will produce a more homoge-
neous material within the sample and would improve the build accuracy of new implants.
The compression test to determine the Young’s modulus and compressive stiffness is the most commonly
used mechanical test to determine spine implant properties. However, there are other quasi-static tests, such
as tension, flexion, shear and torsion tests, which could lead to a deeper insight in examining the question
whether the IVD implant is able to withstand all the loads occurring in the spine.
In future research, a different testing setup of IVD implants under WBV should be developed. This should
allow for an easier and faster mounting of the implants, especially there should be no need to have an em-
bedding system, but it should still mimic a base excitation model. In addition, using implants without the
attached bases as was not the case in this study, is closer to a real life implantation situation as the base
could influence the mechanical behaviour of the implant. Hence, one should design a system which trans-
fers tension loads during the dynamic testing similar to what an implant would experience in the spine while
it keeps the mounting of the implants simpler. The mechanical testing setup applied in the current study was
also extremely difficult to handle because it was not only heavy but also demanding a high level of caution,
not to break the samples during the mounting procedure. In future experiments, the effect of the preload
and the applied amplitude on spinal implants, as was done by Marini et al. ([24]) on human IVDs, should be
investigated to determine if it has a similar effect on the implants under dynamic testing.
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5
Conclusion

A base-scaffold-base structure was designed mimicking the FSU, which successfully enabled mechanical
testing of the scaffolds for different unit cell types, parallel and perpendicular 3D-printing directions and
50/70% porosity. In terms of the design and build quality it may be assumed that the polyet 3D-printing
technology was adequate, for it managed to produce the fine structures of the scaffolds fairly well. However,
because of the nature of the additive manufacturing process the the printing direction was seen as an im-
portant factor of the scaffold properties. The printing direction to testing direction dictated how much the
scaffolds could withstand during testing. Also the detected beam fabrication defects observed throughout the
scaffolds tended to weaken the whole structure and provided weak points inside, where the scaffold could fail
first and resulted in a rippling effect. Therefore, better layer adhesion, which would lead to more homoge-
neous parts, would be beneficial in producing implants that must withstand mechanical loading.
Depending on how strong the implant needs to be for the intended use, the four unit cell types offer a range of
options due to their different load-carrying capacities. Further, one may play with different levels of porosity
to achieve a good balance between the mechanical properties and bone promoting characteristics. Previous
knowledge of the unit cells showed that the BC-cube had already appeared favourable across different pa-
rameters, such as surface to volume ratio and permeability. In this thesis, the BC unit cell seemed fairly equal
with the FX and T unit cells for the characteristics tested. The FX-cube had a higher stiffness, but this may not
always be desirable due to stress shielding. A stiffness of around 2-4kN/mm was shown to be advantageous
for lumbar interbody fusion [69].
The influence of porosity and 3D-printing directions provides an option. For example, if any chosen unit cell
is desirable because of other properties (tension properties, shear modulus, surface-volume ratio, permeabil-
ity), it is fairly simple to change the design or printing parameters and obtain the desired results. This would
further allow for the user to design and manufacture specific implants accommodated for location and func-
tion and not only for application of the spinal cage implants. In order to produce safe implants, improved
3D-printing quality or a scaffold design where such additive technique could be safely used will have to be
considered. The 3D-printing direction seems to be a considerable factor if the samples have to withstand a
high load, whereas the porosity is on the one hand desired to be higher for a better bone growth but on the
other should not rise too high because then the scaffold would not be strong enough.

The dynamic response to base excitation dynamic loading showed that the scaffolds with the current de-
signs and 3D-printing technique can withstand higher frequencies than human IVDs at the same preload
and displacement. This shows a good promise for future truss-based scaffolds since they have higher failure
frequencies than the reported resonant frequencies that can be detrimental for even healthy discs.
The design of the unit cell type does have a clear influence on the response to WBV. The FX-cube showed the
best response with no failed sample regardless of printing direction or porosity, while the NP-cube’s reaction
was the weakest. However, all of the samples showed to be capable of surviving at least to 50Hz.
The influence of the 3D-printing direction was also evidently more substantial in the perpendicular direction,
with all 50⊥ direction scaffolds surviving and most 50∥ direction failing. As already observed in compression
tests, the influence of the direction of the 3D printed layers compared to the test direction seems to be very
influential on the mechanical properties, which is often observed in 3D printed parts. During the dynamic
test carried out in this thesis, the scaffolds experienced compression and tension. The parallel 3D- printed

34



scaffolds were much less able to withstand the tension forces that pulled the layers apart. Therefore, based
on the general knowledge of 3D printing, it was expected that the parallel samples would fail first. There were
also many printing errors in the parallel direction, which most likely had a negative effect on the dynamic
response.
The higher the porosity, the lower the mechanical properties, with the same material and design. This has
been shown for the elastic modulus and also applies to the dynamic behavior. Scaffolds with a higher poros-
ity tended to fail at lower frequencies than scaffolds with the same unit cell type and 3D printing direction
at a lower porosity. Therefore, it can be said that lower porosity leads to failure at higher frequencies. The
response of the lattice-based scaffolds when using a base excitation model for a broad frequency range that
simulates WBV conditions is nonlinear because the response of the scaffolds increases rapidly before failure.
This has also been observed in human IVDs.
As soon as the scaffolds failed, the connection between the upper and lower part of the scaffold was gone
and therefore the tensile tension forces could not be transmitted. In contrast, after a jump phenomenon in
human IVDs [24] the connection was still there and the reaction could be further observed.
In terms of dynamic response, the results of this work suggest that the FX-cube design is the most resistant
and would improve the safety of the implant. For the 3D printing direction, we concluded that the perpen-
dicular direction, i.e. the layers are perpendicular to the testing direction, is the one that can best withstand
the dynamic forces. Porosity should also be an important design parameter, as a change in porosity showed
a different response for all designs. Therefore, the unit cell design, 3D printing direction, and porosity should
be important in the design of the lattice-based spinal implants that are to withstand WBV, with many other
parameters, such as pore size, truss cross section geometry and material choice likely to have a significant
impact as well.

There have been some limitations in the research into lattice-based spinal cage scaffolds. If the 3D print-
ing quality had been better, the design features would have been more precisely printed and there would be
less printing errors in general. This would most probably lead to a lover variation within the sample groups.
To compare stiffness values for different unit cell types, the nominal area of the samples would need to be the
same. This would reduce the variable of scaffold size and give us an additional comparison.
For the NP-cube only one negative Poisson’s value was tested and the influence of the change of the value
was not investigated. In addition the Poisson’s number was only calculated with the design dimensions, but
was not experimentally determined, because it is not trivial to practically determine this value. The NP unit
cell type was also the only one using square beam cross-section, compared to the octagonal for the other
three unit cell types. This difference in beam cross-section geometry could have led to some differences in
properties of the scaffolds, but was not investigated.
There are many more mechanical properties that were not determined and could be of importance when
designing implants. For spinal cage implants, the tension, shear and torsion tests could have been beneficial
to run, since the implants would most likely experience these loads when implanted.
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6
Abbreviations

• ADR - Artificial disc replacement

• AF - Annulus fibrosis

• BC cube - Body centered cube

• CAD - Computer-aided design

• CEP - Cartilaginous end plates

• CT - Computed tomography

• DAQ - Data acquisition

• DDD - Degenerative Disc Disease

• DH - Disc herniation

• EZ - Elastic zone

• FSU - Functional spinal unit

• FX cube - Face centered cube

• IDD - Internal disc disruption

• IVD - Intervertebral disc

• LBP - Lower back pain

• NP - Nucleus pulposus

• NP cube - Negative Poisson’s ratio cube

• NZ - Neutral zone

• PP - Posterior surgical procedure

• T octa - Truncated octahedron

• TDR - Total disc replacement

• WBV - Whole body vibration
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