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Abstract

The spine is frequently affected by metastases, which can disrupt the normal distribution of

bone tissues, reduce load-bearing capacity, and lead to spinal instability. However, the assess-

ment of spinal instability remains unclear for most patients. A comprehensive understanding

of metastatic vertebrae is crucial to identify and subsequently treat those at a high risk of frac-

tures.

The aim of the study is to evaluate the mechanical properties of synthetic 3D printed models

of healthy and metastatic vertebrae to replicate the mechanical behavior of ex-vivo vertebrae.

The goal was to explore the possibility of providing an alternative solution by producing a

large number of repeatable samples with high accuracy. Using an innovative approach that

incorporated Digital Anatomy Printing and Digital Materials, over a hundred models (both

healthy and metastatic) were printed based on medical images and subjected to compression

loading.

Initially, the study focused on characterizing the properties of digital materials and then as-

sessed the influence of morphology on the models. At the end the stress-strain analysis indi-

cated a correspondence between the fracture mode of metastatic synthetic models and ex-vivo

models. Once this method and the associated evidence are generalized on a larger sample, they

could contribute to the development of new biomechanical-based criteria within current scor-

ing systems. This would provide clearer guidelines for assessing spinal instability and open

new avenues for research on fracture risk prediction.

Key words: spinal metastases; spinal instability; 3D Printing; Digital Anatomy Printing;

mechanical test; medical images; segmentation; polymers; stress-strain analysis.
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Motivations

The spine plays a crucial role in supporting the head and trunk, protecting the spinal cord,

and reducing stress on the brain. However, neoplastic diseases like primary spinal tumors

and spinal metastases can compromise its proper functioning [1],[2]. Bone metastases result

either in an abnormal focalized reduction of bone mass (i.e. lytic tissue), or in an increase of

bone density (i.e. blastic tissue). In some cases, both lytic and blastic tissues are observed in

the same bone (i.e. mixed metastasis) [3]. In case of lytic metastases, the load-bearing cross-

section of the bone is reduced with consequent decrease in strength. On the other hand, blastic

metastases result in denser bone with abnormal structural organization, this can reduce the

load-bearing capacity of the vertebrae and results in catastrophic events such as mechanical

instability, vertebral fractures and paralysis [3].

Although there are clinical tools to refer patients with vertebral metastases to orthopaedic

consultation (e.g. the Spine Instability Neoplastic Score) and to assess the risk of fracture,

these tools lack in sensitivity and/or specificity and lead to under or over-treatment of patients.

Clinical assessment of spinal instability remains uncertain for many patients, and treatment

choices often rely on the experience of individual clinicians. Additionally, existing scoring sys-

tems do not incorporate biomechanical parameters that consider how the presence of metas-

tases affects the mechanical competence of the vertebrae [4],[5]. Several experimental and

computational biomechanical studies have analysed the effects of bone metastases on the me-

chanical behaviour of the vertebrae in order to improve our understanding of their failure

location.

Numerous in vitro biomechanical studies [6], [7], [8] have shown that adding biomechan-

ical parameters (i.e. the size and position of the metastasis) improves the correlation with the

mechanical competence of the metastatic vertebrae and aims to prevent fractures. In another
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biomechanical work, the material properties of blastic, lytic and healthy trabecular tissues

were explored. The authors remarked on differences in mechanical behavior for each type of

tissue and they observed a good fit with finite element (FE) models, based on micro-CT, to

evaluate the local internal strain and the failure location of vertebrae with different types of

metastases.

To investigate the complete strain distribution both on the external surface and inside

the volume of vertebrae, advanced techniques such as Digital Image Correlation (DIC) [9] and

Digital Volume Correlation (DVC) [10] can be employed. DIC and DVC have been recently em-

ployed to assess the mechanical competence of the human metastatic spine in multi-vertebrae

segments, revealing the potential relevance of certain metastatic features in modifying strain

distribution and driving spinal biomechanical instability [11], [12].

Recent study has shown that to achieve reliable numerical simulations, the models need to

accurately replicate experimental biomechanics, including both the elastic and plastic phases

leading up to the breaking load. To accomplish this, the models should be validated [13],[14].

Geometry is obtained through image acquisition and transformed into a mesh model. Math-

ematical equations are solved to determine displacements and loads. The gray levels in the

images are converted into density and subsequently into intrinsic material properties, such as

Young’s modulus. But there are still issue to analyse bone metastases such as mesh quality,

material properties, appropriate energy balance methods.

Even if today mathematical models are a non-invasive method that can be used for pre-

dicting forces and moments, in vivo and in vitro tests are considered more reliable. However

both of them must be repeatable, proving a consistent response when the same input is given

several times, and reproducible, providing the same output when performed in different in-

stances, following the same protocol. This allows us to compare the results obtained from the

same test, carried out following the same protocol, on two different specimens, such as two

vertebrae, one with and one without metastases. Due to the fact human cadaveric specimens

are difficult to obtain and their use is subjected to strict ethical regulation, more often animal

models from the alimentary chain are used, even if there are strong anatomical differences

within quadrupeds and humans, both in terms of dimensions and microstructure, but also
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mechanical properties [15].

The introduction of 3D printing may provided a solution to these issues. Starting from CT

or MR medical images, it is possible to create custom 3D synthetic models of the patient’s case,

thus allowing for the production of a large number of repeatable samples with high accuracy,

as well as the ability to analyze properties that would be challenging to study in vitro. While

many studies have focused on the use of 3D-printed synthetic models for surgical planning

and aesthetic purposes, both for cortical and trabecular bone, none of them have thoroughly

characterized the mechanical properties of these models or compared them to in vitro tests.

Hence, the aim of this study is to replicate the mechanical behavior of ex-vivo vertebrae, with

an exploration of the possibility of building reliable copies of both healthy and diseased verte-

brae using 3D printed synthetic models. To achieve this objective, specific sub-goals have been

established: firstly, to characterize the mechanical properties of 3D printable materials, sub-

sequently to evaluate the mechanical characteristics of 3D-printed models based on anatomy

and morphology. Then, to compare healthy and metastatic 3D models and to compare these

models with ex-vivo specimens.

This objective introduces an innovative approach to spinal biomechanical studies, incorporat-

ing digital anatomy printing, mechanical tests, and research on fracture risk prediction.
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Chapter 1

Background

1.1 Anatomy of the human spine

The spine is one of the most complex portions of the skeleton to study.

It serves as a mechanical support structure for the human body and it is the subject of numer-

ous biomechanical studies [16]. The spine fulfills three primary biomechanical functions:

• It bears and distributes loads, along with managing the resulting bending forces gen-

erated by the head, trunk, and pelvis. This provision of structural support and balance

enables the maintenance of an upright posture.

• It facilitates the physiological movements of the head, trunk, and pelvis, including the

relative rotation between vertebral bodies while preventing their translation.

• It acts as a protective barrier for the spinal cord, nerve roots, and several internal organs,

diminishing the transmission of accelerations from the lower limbs to these internal

organs.

The spine is composed of an arrangement of vertebrae and intervertebral discs, secured by

a series of ligaments. There are typically 33 or 34 vertebrae within the spine, categorized based

on their location into cervical (7 vertebrae, C1 - C7), thoracic (12 vertebrae, T1 – T12), lumbar

(5 vertebrae, L1 – L5), sacrum (5 fused vertebrae), and coccyx (4 fused vertebrae) regions; as

represent in Figure 1.1.
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Figure 1.1: The vertebral column. A, Anterior aspect. B, Posterior aspect. C, Lateral aspect [17].

The intervertebral discs consist of two soft tissues [18]: the anulus fibrosus, which com-

prises layers of fibrocartilage, and the nucleus pulposus, which contains fibers scattered within

a mucoprotein gel. The structure of these intervertebral discs enables them to function as

shock absorbers, distributing pressure in all directions and mitigating force peaks from the

lower limbs. Additionally, by connecting the vertebrae to each other, the intervertebral discs

restrict certain movements of the spine, restraining translations while allowing rotations, thus

preserving neighboring nervous tissues.

The spinal ligaments are fibrous bands or sheets of connective tissue made up of collage-

nous fibers. Each ligament has its specific function [19], but in general, they serve to inter-
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connect the vertebrae and maintain an upright posture, preventing excessive movements or

movements in specific directions. Additionally, the spine has different muscle insertions which

provide spinal stability along with dynamic neuromuscular control systems [16]. While each

of these components possesses unique characteristics, behaviours, and specific roles within

the musculoskeletal system, they collectively contribute to the spine’s fundamental functions

(Figure 1.2).

Figure 1.2: A median sagittal section through the upper lumbar vertebral column showing discs and

ligaments [17].

1.1.1 Vertebra

Vertebrae are irregular short bones, whose dimensions and mass varies depending on their

position in the spine, load, pathology [17]. A typical vertebra consists of the vertebral body,

that is the largest part of a vertebra, more or less cylindrical in shape and of the vertebral arch,

a posterior bony ring connected to the body by a pair of pedicles and laminae from which arise

seven articular processes (posterior bilateral joints, connecting each vertebra to the adjacent

one) [17]. Between the vertebral body and the arch lies the spinal cavity, where the spinal cord

is located. The vertebrae are the hard tissues of the spine.

Thoracic vertebrae (Figure 1.3) increase in size as one moves downward along the spine.
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They are mechanically stiffer and less mobile compared to other regions of the spine due to the

presence of costovertebral articulations, the structure of the rib cage, and the orientation of

the pedicles. These characteristics provide the necessary support for bipedal posture and pro-

tection for the spinal cord and other organs within the thoracic cavity [16]. Thoracic vertebrae

are distinguished by the presence of facets on the sides of the vertebral bodies for articulation

with the heads of the ribs. Additionally, there are facets on the transverse processes of all

vertebrae, except T11 and T12, for articulation with the tubercles of the ribs [17].

Figure 1.3: Thoracic vertebra: superior and lateral view.

The vertebrae facilitate various physiological movements, including torsion, anterior and

lateral flexion of the head, trunk, and pelvis (motor function) [16]. Figure 1.4 illustrates the

directions in which these physiological movements of the spine occur, along with the associ-

ated mechanical stresses.

Vertebral bodies consist primarily of trabecular bone, which is encased by a cortical shell. In

nearly all physiological circumstances, in comparison with the posterior arch, it is the vertebral

body that bears the heaviest loads and conveys them from the superior to the inferior end-plate

of the vertebra. Indeed, the delicate bony lamellae within the cancellous tissue become more

pronounced in lines perpendicular to the upper and lower surfaces due to increased pressure in

this orientation [17]. Consequently, vertebrae are frequently subjected to compression testing
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along the cranio-caudal direction. White and Panjabi summarized the compressive strength

properties of cancellous bone in vertebrae, as measured on trabecular samples (see Table 1.1)

[16].

Figure 1.4: Representation of physiological motions (3D coordinate system at the centre of the upper

vertebral body of a motion segment) [16].

Table 1.1: Compressive Strenght Properties of Cancellous Bone of Vertebrae [16].

Physical Property Magnitude

Proportional-limit stress 1.37-4.0 MPa

Compression at proportional limit 6.0-6.7%

Modulus of elasticity 22.8-55.5 MPa

Failure stress 1.55-4.6 MPa

Compression at failure 7.4-9.5%

However, for mechanical characterization, it would be more appropriate to utilize a func-

tional spinal unit (FSU), also referred to as a motion segment (see Fig. 1.2). The FSU represents
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the smallest segment of the spine that displays biomechanical characteristics akin to those of

the entire spine [16]. Using specimens composed of spinal segments allows for the replica-

tion of a more physiological condition, as they include not only the vertebra itself but also the

surrounding soft tissues. It’s worth noting that the distribution of load across the vertebral

endplate is influenced by the anatomy and health of the adjacent intervertebral discs [20]. As

previously mentioned, the various regions of the spine exhibit varying stiffness levels because

they are subjected to different loads. Consequently, the mechanical properties will also differ

depending on the region under consideration, as outlined in Table 1.2.

Regrettably, certain pathological conditions such as osteoporosis, primary spinal tumors, and

spinal metastases have the potential to impair proper vertebral function. These conditions can

diminish mobility, weaken tissues, elevate the risk of fractures, and alter the mechanical stiff-

ness and strength of the entire spine.

Table 1.2: Average Stiffness Coefficients and Flexibility Coefficients of a Representative Functional Spinal

Unit in Different Regions of the Spine [16].

Forces (N)

Tension Compression Ant.Shear Post.Shear Lat.Shear

(+FY) (-FY) (+FZ) (-FZ) (FX)

Flexibility Coefficients (mm/kN)

Cervical 19 5 20 19 19

Thoracic 1.3 0.8 9.1 9.1 9.1

Lumbar 1.3 0.5 8.3 5.9 6.9

Sacroiliac 6.4 3.4 9.3 5.3 2.6

Stiffness Coefficients (N/mm)

Cervical 53 200 50 53 53

Thoracic 770 1250 110 110 110

Lumbar 770 2000 121 170 145

Sacroiliac 156 294 108 189 385
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1.2 Spinal diseases

Spinal diseases and failures have a significant impact on a substantial portion of the popu-

lation. They can arise from various causes and affect different components of the spine, in-

cluding the vertebrae, intervertebral discs, and ligaments. The most common spine syndromes

include scoliosis [21], hyper-kyphosis [22], and hyper-lordosis [23]. These syndromes can af-

fect individuals of various ages, manifesting with a wide range of severity, symptoms, and

consequences. They involve the degeneration of a segment of the spine, which can vary in

extent, and disrupt the natural curvature of the spine. Different levels of these syndromes can

lead to various issues, ranging from back pain to cardiovascular and respiratory problems, and

even immobility.

Vertebrae, like other bones, can be affected by conditions such as osteoporosis and os-

teopenia. Osteoporosis involves a gradual loss of bone density [24], while osteopenia results

in a reduction in bone mineral density [25], both of which weaken bone strength. These condi-

tions increase the risk of vertebral fractures, as well as forearm and hip fractures, particularly

in elderly individuals under normal daily loading conditions [26]. This heightened risk is often

associated with complications affecting nearby nervous tissue.

Furthermore, the function of vertebrae can be compromised by metastasis, typically spread

from prostate or lung cancers. In such cases, there is a significant reduction in bone mass

within the vertebrae, consequently diminishing their strength [27]. Unfortunately, a well-

defined surgical procedure for addressing this condition is lacking due to the limited number

of cases and the ongoing advancements in medical technologies. This lack of a standardized

approach increases the risks associated with this pathology and its profound impact on the

quality of life. A comprehensive understanding of the human spine’s anatomy is vital for

medical professionals as it aids in the diagnosis and treatment of various spinal conditions

and injuries.

1.2.1 Spinal metastases

The incidence of bone metastases varies significantly depending on the type of tumor (e.g.,

breast, prostate, etc.). Spinal metastases can manifest as lytic, blastic, or mixed lesions. From a
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clinical perspective, lytic bone metastases are more prevalent and contribute to the majority of

morbidity [2]. Lytic metastases are often referred to as bone-destructive [28] due to increased

osteoclastic activity and/or an elevated number of osteoclasts. This activity compromises the

highly organized trabecular structure of the vertebral body, leading to the destruction of tra-

beculae and the generation of micro-fractures [2].

The associated reduced mineralization and loss of structural integrity result in a weaken-

ing of the bone, reducing its load-bearing capacity. Consequently, this indirectly increases the

risk of collapse [5]. In fact, previous research has already demonstrated how conditions like

bone diseases [29] or aging [30] can lead to a decrease in bone mineral content. Even a small

loss of bone tissue (e.g., 25%) can result in a significant reduction in vertebral bone strength

(e.g., 50%) (see Fig. 1.5). This phenomenon is closely related to the load-bearing capacity of the

vertical and horizontal trabeculae, which, in the presence of lytic metastases, are diminished

and improperly oriented, consequently weakening the entire structural integrity.

Figure 1.5: Relationship between osseous tissue and vertebral strength [16].
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On the other hand, blastic metastases promote osteoblastogenesis [28]. This process leads

to the formation of new bone tissue, which is mineralized but poorly organized, covering

the normal trabecular structure and resulting in limited bone quality. By using quantitative

computed tomography (qCT) or micro computed tomography (µCT) scans, it is possible to

assess how both types of lesions alter the typical tissue distribution: lytic metastases create

voids within the trabecular network and/or the cortical shell, while blastic metastases deposit

an excess of bone tissue. Mixed-metastatic vertebrae exhibit characteristics of both lytic and

blastic lesions (see Fig. 1.6).

Figure 1.6: Healthy (A), litic (B), blastic (C) and mixed (D) vertebrae scan with micro-CT [3].

Due to the disrupted balance in the bone remodeling process and the consequent alteration

in the distribution of bone tissue within the vertebra, both types of vertebral metastases often

lead to mechanical instability of the spine.

1.2.2 Spinal Instability Neoplastic Score (SINS)

The likelihood of developing a fracture increases with the duration of metastatic involvement

[31], and it is also influenced by the location and size of the metastases [32]. While radiation is

effective for local tumor control, it does not impact spinal stability [33]. Therefore, to prevent

fractures, stabilization interventions are required, including brace application, percutaneous

cement injection, pedicle screw augmentation, or open surgery. These surgical treatments are

challenging and pose risks [31], potentially confining patients to bed rest and exacerbating

pain and other symptoms [34]. Thus, excessive protection may lead to unnecessary constraints

and a reduced quality of life, while inadequate treatments can result in fractures and spinal

deformities with potential neurological consequences [1]. Therefore, predicting the risk of
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fracture for each specific patient holds significant clinical relevance, as it could enable the im-

plementation of preventive measures that enhance the patient’s quality of life.

In the past, predictions of fractures in patients with cancer and/or bone metastases were

primarily based on expert opinions derived from clinical experience and descriptive studies.

Over the years, several scoring systems have been developed as prognostic tools for surgeons.

In contemporary clinical practice, a widely adopted classification scheme is used to assess the

mechanical instability of the spine and, consequently, the risk of fractures.

The Spinal Instability Neoplastic Score (SINS) is a scoring system introduced in 2010 by the

Spine Oncology Study Group (SOSG) 1. It relies on clinical factors (patient-reported pain) and

objective radiological criteria. SINS aids healthcare professionals, including surgeons, oncol-

ogists, radiologists, and orthopedic specialists, in devising tailored treatment plans. It helps

identify patients who require surgical evaluation [5] and may derive the most benefit from sur-

gical intervention, as well as those who may not tolerate such invasive procedures or might

benefit more from alternative therapies like chemotherapy or radiotherapy. SINS evaluates

spinal instability by assessing and assigning scores to six variables: lesion location, pain char-

acterization, type of bony lesion, radiographic spinal alignment, degree of vertebral body de-

struction, and involvement of posterolateral spinal elements (see Figure 1.7).

The scores for each variable are summed to calculate a final score, which ranges from a

minimum of 0 to a maximum of 18. A score of 0 to 6 indicates stability, a score of 7 to 12

suggests indeterminate (possibly impending) instability, and a score of 13 to 18 indicates in-

stability. When the SINS score exceeds 7, it is recommended to seek a surgical consultation [5].

One of the most crucial challenges is that no clear guidelines are provided for patients with

a score between 7 and 12 (potentially unstable), leaving clinicians to rely on their personal

experience when making decisions [35]. Furthermore, there is a poor correlation between the

SINS score and biomechanical outcomes in the case of metastatic vertebrae [36].

1The SOSG is an international group of 30 spine oncology experts and thought leaders from North America,

Europe, South America, and Asia who meet biannually to discuss research, assess the best evidence for current

practices, and formulate clinical trials to advance the field of spine oncology
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Figure 1.7: Elements of SINS [5].

Palanca et al. demonstrated that in two out of three considered cases, SINS did not indi-

cate the need for spinal stabilization, assigning low scores (e.g., 4-6), while biomechanical tests

revealed a high risk of fracture in these patients. According to Costa et al., SINS does not corre-

late with the compressive strength of vertebrae with lesions because there is no observed cor-

relation between the scoring system and mechanical properties estimated from computational

models. Nevertheless, mechanical properties, such as bone strength [37], are associated with

the presence of metastases. Load distribution and strain patterns can change from a healthy

state to a metastatic condition. Indeed, load transfer between vertebrae depends on factors

such as the quality of bone tissue, intervertebral discs, and the presence, size, and shape of os-
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teophytes [38]. Therefore, gaining a deeper understanding of the mechanical behavior of bone

tissue affected by metastatic disease could help identify sites and mechanisms of fractures.

1.2.3 Mechanical characterization of the spine and metastases: state

of the art

In 1997, Taneichi and colleagues [39] reported that the mechanical properties of the metastatic

spine and the mechanisms of collapse were still unknown. Today, the scientific literature

widely discusses the characterization of the mechanical properties of the spine in various con-

ditions, including physiological states, the presence of pathologies like vertebral metastases, or

post-treatment effects. Notably, the measurement of spinal strain fields is employed to inves-

tigate how metastases affect bone failure mechanics, aiding in predicting vertebral fractures.

In vitro experiments provide a means to measure mechanical and apparent properties (such

as stiffness, strains, failure strength, and mode of failure) of the spine by applying simplified

loading conditions to specimens, often axial compression [40].

In vitro tests must meet two key criteria: repeatability, which ensures a consistent response

when the same input is applied multiple times, and reproducibility, ensuring the same output

when tests are conducted under different instances but following the same protocol. This en-

ables the comparison of results from identical tests performed on different specimens, such

as two vertebrae, one with metastases and one without. Due to the challenges in obtaining

human cadaveric specimens, which are subject to strict ethical regulations, researchers often

turn to animal models within the food chain.

However, notable anatomical differences exist between quadrupeds and humans, including

size dimensions (porcine vertebral bodies are smaller and have thicker cortical shells) and mi-

crostructure (porcine vertebrae are denser than human ones). Additionally, bone structure and

mechanical properties, such as range of motion and stiffness, differ between the two [41].

Whether dealing with human or animal specimens, the choice of specimen type is typi-

cally based on the study’s objectives (as depicted in Fig.1.8). Specimens consisting of spine
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segments (series of adjacent vertebrae) are valuable for characterizing kinematics and spinal

instability. This specimen type replicates a more physiological condition by including not

only the vertebra itself but also the surrounding soft tissues. Conversely, when the goal is to

study the structural properties of an individual vertebra, specimens containing a single whole

vertebra or just the vertebral body, with or without end plates, are employed. In this sce-

nario, loads are applied directly to the vertebra’s surface or end plate, sometimes embedded

in polymethyl-methacrylate (PMMA). It’s worth noting that the absence of adjacent interver-

tebral discs in this setup may limit the physiological relevance of the results due to artificial

failure mechanisms [20].While trabecular and cortical core specimens provide insights into

the local mechanical properties of bone tissue, they do not fully represent the behavior of the

entire vertebra [40].

Figure 1.8: Main types of specimens used in vitro testing [40].

Additionally, researchers must carefully choose the most appropriate loading conditions.

Spine segments can experience various types of loads, such as compression, torsion, flexion,

extension, and lateral bending, alone or in combination. However, the precise extent of these
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loads’ physiological relevance remains uncertain. While mathematical models offer a non-

invasive means to predict forces and moments, in vivo tests are generally considered more

reliable than in vitro ones, as they can account for muscle structures and neuromuscular con-

trol [16].

Regarding the mechanical characterization of bone metastases, recent studies [3] have high-

lighted the significant role of the type, size, and location of metastases in determining the

mechanical response of metastatic vertebrae. Specifically, the type of metastatic tissue (i.e.,

lytic, blastic, or mixed) has emerged as the most crucial factor for predicting variations in

vertebral strength. Interestingly, despite vertebrae with lytic metastases exhibiting a simi-

lar elastic modulus to healthy ones, their strength was found to be lower, thereby increasing

the risk of fracture. In contrast, vertebrae with blastic metastases exhibited higher strength,

despite their elastic modulus being lower than that of healthy vertebrae. This study demon-

strated that in most cases, metastatic vertebral bodies fail similarly to those without lesions,

with direct involvement of the endplates or the tissue nearby.

1.3 3D Printing

3D printing is a form of additive manufacturing, that operates on the principle of layered man-

ufacturing, where materials are deposited layer by layer to build objects. This process involves

the creation of three-dimensional (3D) objects by adding materials successively in 2D layers.

3D printing offers numerous advantages compared to traditional manufacturing methods, in-

cluding the capacity to fabricate objects with intricate internal structures, enhanced versatility,

customization options and reduced space requirements. This technology enables the rapid pro-

duction of components with complex shapes by precisely accumulating material based on a

computer-aided design (CAD) model.

A three-dimensional model of the object, created using CAD software, is converted into an

STL file. Subsequently, using a slicer (slicing software), the structure is divided into digital

layers, and a G Code is generated (a code that defines the commands to be sent to a numerical

control device). These commands are then transferred to the 3D printer using custom machine

software. Typically, the printer comes with integrated software that handles both the slicing
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and the code generation automatically.

When integrated with medical imaging, 3D printing unlocks new possibilities in the field

of healthcare. Clinical applications of this emerging technology are actively being explored

across various medical disciplines. The capability to generate 3D models from patient data

empowers physicians to create customized prosthetics and implants, gain clearer insights into

complex pathologies and enhance medical education for trainees like never before [42].

The process of generating 3D objects from imaging data generally follows these steps:

1. acquisition of image data (CT or MRI);

2. extraction of the chosen regions of interest termed “segmentation”;

3. transformation of the data from set of images to a 3D triangular mesh;

4. transfer of the data to a 3D printer for production, from CAD to the 3D model, involves

passing through the STL file, slicing, and G Code generation.

A typical sequence of this process can be seen in Fig.1.9. These steps are each discussed in

detail in the following sections.

Figure 1.9: Flowchart of creating a 3D printed model from medical images.
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1.3.1 Image acquisition

The initial step in creating 3D printed models from medical imaging involves obtaining usable

data. Typically, data for generating medical models are acquired using computerized tomogra-

phy (CT) or magnetic resonance imaging, although other modalities like ultrasound can also

be utilized.

The selection of image data is crucial, as low-resolution images can lead to disparities between

the generated model and actual anatomy. In contemporary clinical practice, image acquisition

can achieve ultra-high spatial resolution (ranging from 250 to 600 microns) with excellent con-

trast quality. Most imaging techniques are non-invasive, enabling the exploration of internal

structures within a patient’s body that are concealed by skin and bones.

Clinical Images are stored ad DICOM (Digital Imaging and Communications in Medicine), for-

mat that includes pictures, images and study information [43].

The most commonly used medical imaging method for bone structure is computed tomog-

raphy (CT), a medical imaging technique that uses X-rays to create detailed cross-sectional

images of different parts of the body. CT scans rely on pixel intensities that directly represent

tissue density, making them suitable for distinguishing structures with both high density (like

bones) and low density (like lungs). During a CT scan, the patient lies on a table that moves

through a circular scanning device. Multiple X-ray images are taken from different angles and

then combined to create three-dimensional images using backprojection algorithms.

The Hounsfield Unit (HU) scale measures the radiodensity of materials based on their X-ray

absorption properties. For example, high-density tissues like bone appear bright (white) due

to their strong X-ray absorption, while soft tissues allow more X-ray penetration, resulting in

darker appearances (Fig.1.10). CT is widely used to create 3D anatomical models because it is

easy to process the collected data.

However, CT has its limitations, such as sensitivity to patient movement, which can make

it challenging to define morphological boundaries due to the grayscale scales in the images.

Nonetheless, software reconstruction can help mitigate these issues in some cases.
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Figure 1.10: Computed tomography (CT) of the thoracic spine [44]. Sagittal (a) and coronary (b) CT

scans revealing multiple osteolytic lesions. (c) Axial CT image of T10 depicting destruction of the rear edge

without spinal obstruction. (d) Axial image of the CT scan of T12 showing osteolytic lesions centrally and

in proximity of the left pedicle.

Micro-computed tomography (micro-CT) is an advanced imaging technique that operates

on a miniature scale, providing significantly enhanced resolution compared to standard hos-

pital CT scans. It enables imaging of samples with pixel sizes as minuscule as 100 nanometers

while accommodating objects as large as 200 millimeters in diameter. Micro-CT delivers high-

resolution 3D imaging that surpasses the capabilities of any other non-destructive technology.

This technology allows for the examination of the internal structures, such us trabecular bone

(Fig. 1.11), and biological specimens without the need for sample dissection, preserving them

for future investigations. Micro-CT scanning offers scientists a unique opportunity to explore
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sample morphology and investigate properties such as porosity, bone thickness, volume frac-

tion, defect analysis, density, particle size, voids, fiber orientation, and more.

Figure 1.11: Hierarchical bone structure schematically divided on a logarithmic scale with differentiation

of mechanical characterization techniques for each parameter.

1.3.2 Segmentation

Image segmentation is a crucial step in creating precise 3D anatomical models customized

for individual patients, and it plays a pivotal role in numerous clinical applications. The pri-

mary objective of image segmentation is to divide a volumetric medical image into distinct

regions, typically corresponding to organs or structures of interest. Various image segmen-

tation techniques are available, each with its own advantages and disadvantages. However,

there is no one-size-fits-all segmentation technique suitable for all images and applications.

These methods operate on the principle that different tissue types exhibit specific ranges of

pixel intensities, allowing for tissue differentiation and boundary identification.

A wide range of software tools is capable of performing image segmentation, ranging from

versatile commercial platforms like Mimics, which include integrated physics simulations, to

open-source solutions such as 3D Slicer, designed for specific organs or applications. Segmen-

tation algorithms for grayscale images generally fall into one of two categories based on in-

tensity value properties: discontinuity, which involves partitioning an image based on abrupt

changes in gray levels, and similarity, which entails dividing an image into regions that share

similarities. Common image segmentation techniques include thresholding, edge detection,

and region growing (Fig.1.12).
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Figure 1.12: Classical Image Segmentation Techniques with their advantages and disadvantages[45].

Thresholding, the simplest method, involves dividing an image into a binary representation

of the segmented areas. This process distinguishes pixels of interest by comparing each pixel’s

intensity value to a predefined threshold. Pixels with intensities higher than the threshold are

set to one value, typically white, while those with intensities lower than the threshold are set

to another, typically black.

Edge pixels represent locations where the intensity of an image changes suddenly, forming

sets of interconnected pixels known as edges. Edge pixels can be detected using local image

processing techniques known as edge detectors. Edge detection is commonly used to segment

images based on abrupt local intensity changes.

Region growing is another technique that groups pixels or sub-regions into larger cate-

gories based on predefined growth criteria. The fundamental approach involves initiating the

process with a set of ”seed” points and expanding regions by incorporating neighboring pixels

that exhibit predefined properties similar to the seed.

Automated segmentation of medical images is a valuable tool for streamlining time-consuming

tasks, with the goal of achieving faster and, ideally, more reliable results than manual pro-

cedures. However, it remains a challenging task due to the inherent complexity of medical

images, which often suffer from issues such as tissue type overlap, biased intensity, presence
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of artifacts, and proximity of gray values for different tissues.

Figure 1.13: Example of tumor segmentation.

1.3.3 Mesh generation

After completing the segmentation, a surface is extracted from the volumetric data by con-

verting the data from voxels into a mesh composed of a series of geometrical facets. This can

be achieved using automated surface rendering tools [46].

The transformation from a voxel to a polygonal model results in a smoother surface but rep-

resents an approximation of the original image. Additional adjustments can be made manually

or automated algorithms may be employed to smooth out artifacts. Various computer-aided

design tools are available for this purpose, allowing for extensive mesh manipulation and re-

finement. However, the primary reasons for post-processing the mesh segmentation are as

follows:

• Repairing: Errors and discontinuities that may occasionally arise during the image seg-

mentation and exporting process need to be corrected before printing.

• Smoothing: ’Staircasing errors’ that result from the resolution of the original medical

image can be reduced by smoothing the surface of the mesh model.

• Appending: The segmentation often constitutes only one component of the final model.

To make the model usable, it is often necessary to combine it with other structures or

remove unnecessary parts from the segmentation.
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The segmentation and mesh generation process can introduce significant inaccuracies be-

tween the original DICOM data and the final 3D generated model. It is crucial to compare the

region of interest in the processed data with the original unprocessed DICOM data at each

step to ensure that it remains an accurate anatomical representation. Finally, the data is saved

in a standard tessellation language (STL) file format.

Figure 1.14: Example of 3D meshing models of human vertebrae.

1.3.4 3D Printing Technologies

Creating three-dimensional models offers both visual and tactile representations of anatomy,

enhancing preoperative planning and contributing to the precision and accuracy of complex

medical procedures.

Surgical planning with 3D printing models have garnered significant attention within the field

of orthopaedics, leading to substantial progress in the preparation for surgical procedures. It

has been observed that 3D models enable surgeons to visualize anatomical structures in three

dimensions, facilitating the planning and execution of patient-specific complex surgeries. Re-

cent advancements in 3D printing technology have introduced new methods that enable the

utilization of various materials, ranging from synthetic polymers to metal alloys.

The choice of a 3D printer depends on the intended application and several factors should be

taken into account, including cost, accuracy, speed, and the availability of printing materials
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[47]. Various 3D printing technologies are available, each possessing its unique characteris-

tics. In Figure 1.15, the different type of 3D printing technologies in medical applications are

summarized.

Figure 1.15: Overview of the most important 3D printing technologies with medical applications [48].

28



These 3D printing technologies can be broadly categorized into three groups: extrusion

printing, photopolymerization, and powder-based printing [49].

Extrusion printing, exemplified by Fused Deposition Modeling (FDM), involves melting

and depositing material through a nozzle to construct the desired shape.

Photopolymerization relies on selectively curing liquid polymers, employing UV light.

Prominent examples of this method include Stereolithography (SLA) and Digital Light Pro-

cessing (DLP), which cure plastic within a bath. Alternatively, photopolymer can be sprayed

onto the print in thin layers and subsequently cured, known as Photopolymer Jetting (PolyJet).

In powder-based techniques, a powdered material is fused together, achieved either by us-

ing a liquid binding agent (Binder Jetting, BJ) or by applying heat to fuse the particles (Selective

Laser Sintering, SLS).

Photopolymer jetting, also known as PolyJet 3D printing, falls within the realm of DLP

technology. This advanced additive manufacturing method involves depositing material in the

form of droplets to create thin layers that are then cured to form three-dimensional objects.

It is controlled both thermally and physically. While PolyJet printers are indeed one of the

pricier choices in the additive manufacturing industry, this technology manages to strike an

impressive balance between resolution, speed, and material quality.

The PolyJet technology consists of a build platform where the print head moves back and

forth along the X and Y axes, depositing thin layers of thermoplastic resin, as shows Fig. 1.16.

An ultraviolet (UV) chamber contains a UV lamp that cures and hardens these layers using

UV light.

When there are overhangs or complex shapes that require support, the 3D printer deposits

support material. At the end of the process, this support material can be easily removed by

hand, with water, or in a solution bath. PolyJet printers are capable of quickly producing com-

plex components, making them ideal for creating realistic prototypes and components. PolyJet

additive manufacturing offers a wide range of colors and materials in a single end-use prod-

uct. This method provides flexibility in selecting materials with high tensile strength, fatigue

resistance, and torsional strength.
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Figure 1.16: Polyjet 3D Printing.

The models and objects are ready for handling or use directly from the PolyJet 3D printer,

without the need for additional treatments. This technology provides excellent detail, smooth

surfaces, and high precision. It allows for the construction of models using various plastics

and rubber with different hardness levels. Layers as thin as 16-32 µm provide nearly absolute

precision (±0.1 mm) with excellent surface quality, enabling various applications such as co-

printing, the use of completely transparent materials, sterilizable materials, and biocompatible

materials. PolyJet technology is particularly suitable for producing highly detailed models

useful for fit testing, dimensional checks, and ergonomic testing [50].

1.4 Aim of the study

The aim of the project is to replicate the mechanical behavior of ex-vivo vertebrae and explore

the feasibility of creating dependable replicas of both healthy and diseased vertebrae using 3D

printed synthetic models.

To achieve this goal, various materials and setups were examined, and specific sub-objectives

were established:

• Characterize the mechanical properties of 3D printable materials.
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• Evaluate the mechanical characteristics of 3D-printed models generated from different

medical imaging sources.

• Characterize models based on anatomy, morphology and diseases, identifying differ-

ences and similarities among them.

• Compare the 3D synthetic models with ex-vivo specimens.

This work introduces an innovative approach through three fundamental elements:

1. The development of synthetic anatomical models, particularly vertebrae and metastases,

using digital anatomy printing technology.

2. The execution of mechanical tests to validate their fidelity to real ex vivo models.

3. Advancement of research in the domain of fracture risk prediction from bone metastases

by applying these novel paradigms to standardize and customize scenarios.

The project enhances the methodologies and procedures for testing and, consequently, pro-

vides a comprehensive characterization of spinal biomechanics.
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Chapter 2

Materials and Methods

This study is based on CT and MicroCT data obtained from a human spine affected by vertebrae

with bone metastases. The specimen was acquired through an ethically approved international

donation program known as the Anatomy Gift Registry in the USA. Details about the donor

are summarized in the table 2.1.

The specimen in question is a thoracic multi-vertebrae segment (T5-T8) extracted from the

spine. It includes a healthy vertebra, referred to as the control, a metastatic vertebra, and two

others at the extremities. It is reasonable considering that the control and the metastatic ver-

tebrae, being adjacent, were subjected to similar loads. This assumption allows us to directly

compare the stress-strain fields of these two vertebrae and evaluate the potential effects of the

metastases.

Table 2.1: Donor details.

Speciment #766 T5T8

Cancer Adrenal SINS 3

Sex M Control level T7

Age 81 Metastasis T6

Height (cm) 182 Type of metastasis lytic

Weight (kg) 77
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2.1 Workflow

2.1.1 Segmentation CT images and MicroCT

The segmentation process utilizes Mimics 25.0 software, developed by Materialise NV in Leu-

ven, Belgium. Materialise Mimics is specialized image processing software designed for 3D

design and modeling. It generates 3D surfaces from stacks of 2D images, serving various en-

gineering applications, including medical, dental, and additive manufacturing. This software

has also obtained CE and FDA 510K premarket clearance. In fact, the Medical License for the

software is sold as a medical device and conforms to ISO 13485 standards.

The images are stored as DICOM files, which consist of a header and the actual image data,

and were obtained using both clinical CT and micro-CT scanners. These two types of scanners

have different imaging parameters (summarized in table 2.2), with micro-CT providing higher

resolution and detail quality.

Table 2.2: DICOM parameters of medical images.

Value

Description CT µCT

Width 512 px 948 px

Height 512 px 1132 px

Pizel size 0.217 mm 0.039 mm

Field of view 110.10 mm 44.148 mm

Number of slice 124 662

Slice Increment 1 mm 0.039 mm

Slice Thickness 1 mm 0.039 mm

Once the imaging parameters were noted, we began the segmentation process. Segmenta-

tion of a Region of Interest (ROI) involves creating a mask through thresholding, which means

generating a mask that includes all pixels within a specific Hounsfield (HU) range. By setting

upper and lower threshold values, the pixels falling within the designated range form a single
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mask. Each type of tissue has its typical range of Hounsfield units, but these ranges can vary

between images. In this case, we defined different ranges for trabecular bone, cortical bone,

and metastases, as illustrated in figures 2.1- 2.2. Each mask was saved with a specific name

corresponding to its position within the structure.

After thresholding, region growing was applied to separate masks into distinct parts and to

eliminate isolated pixels. Subsequently, manual editing operations were performed to enhance

critical points in the images and achieve the most accurate representation possible. When the

geometry of the mask has reached a fluctuating level of accuracy, we proceeded to create

the 3D portion, incorporating smoothing and wrapping operations to achieve a more homo-

geneous structure. At the end of the process, the STL file was exported, which would be

introduced into the printer software.

Figure 2.1: Screenshot of Mimics application, performing Segmentation of Healthy and Metastatic from

Ct scan. In this case there is only one mask for both cortical and trabecular bone, the other mask is for the

metastasis. HU range for bone [100-1500], HU range for metastasis [10-150].
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(a) Healhty µCt, HU range for cortical and trabecular bone [1250-65535].

(b)Metastatic µCt, HU range for cortical and trabecular bone [1250-65535], HU range for metastasis [35918-

44898].

Figure 2.2: Screenshot of Mimics application, performing Segmentation for µCt scans. In this case tra-

becular and cortical bone have different masks, beyond the mask of the metastasis.
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2.1.2 Digital Anatomy Printer - Stratasys J850

The J850 PolyJet is a specific type of material jetting 3D printing technology by Stratasys,

which was utilized in the production of all the samples. This printer is equipped with eight lines

arranged in four physical inkjet heads (Figure 2.3), linked to material print cartridges. Two UV

light sources are employed to cure the photosensitive resin as a roller systematically traverses

the layers of the samples. It is worth noting that the printer includes a ventilation system to

prevent the overheating of the UV lamps and can print on a build plate with dimensions of up

to 490 x 390 x 200 mm.

Figure 2.3: The arrangement of digital anatomical materials in the printer heads.

One of the standout features of this printer is its ability to simultaneously print with seven

materials, in addition to support material. Each combination of materials yields a distinct set

of properties, including physical, mechanical, shades and tones, which differ from those of

the parent materials. To maintain optimal performance, the jetting nozzles are cleaned with

isopropyl alcohol after each printing batch to prevent material build-up.

This printer is particularly renowned for the vibrancy and consistency of its materials, making

it an excellent choice for surgical planning and the production of biomedical materials with

minimal issues. Its capabilities allow for the creation of models featuring intricate details and

fine structures that closely resemble actual human tissue, providing a genuine haptic feedback

experience. Furthermore, it accomplishes all of this in a single printing operation, requiring

minimal to no post-printing finishing steps such as painting, sanding, or assembly. Complex

models that encompass both bone and soft tissue, along with ligaments and nerve roots, can

be produced, and bone density can be varied to mimic healthy and osteoporotic bones.
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The printer is operated using GrabCAD Print software, which loads the stereolithography

(STL) files and assigns the printing material to each sample. It’s important to note that PolyJet

3D printers exclusively work with Stratasys PolyJet materials, the company offers a wide range

of materials, including biocompatible options for dental applications and high-temperature

materials for industrial use. In the following paragraph, a summary of the digital materials

used in printing the vertebral samples is provided [51].

2.1.3 Digital Anatomy Materials

Each material has its unique characteristics and the standard parameters are listed in table 2.3.

• VERO CLEAR is a transparent material that is nearly colorless and offers reliable dimen-

sional stability for general purposes and visual simulation of transparent thermoplastics

like PMMA. It possesses the following properties: high transparency, a fine surface fin-

ish a remarkable ability to showcase fine details. It is part of the Vero Family and is

available in different color variations (Magenta, Cyan and Yellow). It can also be mixed

with other materials to achieve a range of colors, levels of translucency or variations in

hardness. Its key properties include durability, rigidity, excellent detail representation,

options for opaque colors and outstanding dimensional stability.

• AGILUS 30 is a clear and flexible PolyJet Photopolymer with superior tear resistance and

tensile strength, making it capable of withstanding repeated flexing and bending cycles.

Its properties encompass significant elongation at break (240%), a silicone/rubber-like

texture, high tear resistance, and high tensile strength. It can be combined with rigid

materials to achieve different flexibility levels.

• TISSUE MATRIX is designed for realistic simulation of soft anatomies, including soft

tissues, myocardium, soft organs, muscles, and internal organs. Its properties include

being ultra-soft and featuring oriented microfibers to enhance performance, such as su-

turability.

• BONE MATRIX is a high-toughness material designed for cortical bone and connective

tissues. It offers properties like flex-rigidity for bone simulation, the ability to withstand
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screw insertion, and resistance to cracking.

• GEL MATRIX is a gel-like support material that does not have any mechanical proper-

ties. It can be easily removed from anatomy with inner diameters as small as 1mm and

wall thicknesses as low as 1mm.

• VERO ULTRA FAMILY is a rigid opaque material with excellent contrast, sharp text and

graphics and it is also durable. It is available in various colors.

• SUPPORT is a support material that can be easily removed with an alkaline cleaning

solution or broken away by hand or water pressure.

Table 2.3: Some properties of Digital Materials [52].

Materials

Properties Vero Family Vero Ultra Family Agilus 30

Tensile Strenght (MPa) 50-65 50-65 2.4-3.1

Elongation at Break 10-25% 5-20% 220-240%

Modulus of Elasticity (MPa) 75-110 65-85

HDT (°C) 45-50 44-47

Izod Notched Impact (J/m) 20-30 20-30

2.1.4 CAD - Grab CAD

Grab CAD enabled us to visualize the arrangement of the models on the printing tray and

configure the printing parameters. Through the Digital Anatomy Creator 1, anatomical mod-

els are now defined not only by their external geometry and color but also by their unique,

patient-specific biomechanics. It automatically designs intricate internal structures using its

proprietary digital materials to achieve the appearance, texture, and functionality of your pa-

tient’s unique anatomy.

1See Appendix A
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The Digital Anatomy printer offers four predefined anatomical applications: Structured

Heart, Blood Vessels, Musculoskeletal and General. Each of these anatomical applications or

categories provides specific anatomical elements or characteristics tailored to its intended use.

Users have the option to print a model from a particular anatomical category, such as muscu-

loskeletal, and can choose to print it as a single anatomical model or create a model as a single

assembly containing multiple assigned structures like the heart, blood vessels, and bone. In

Table 2.4 are reported the different types of elements in the Musculoskeletal Family.

Table 2.4: Musculoskeletral Family.

Anatomy Element Controlled property

Vertebra Porosity

Ligament Stiffness

Intervertebral Discs Type

Nerves Flexibility

Facet Joints Stiffness

General Bone Density

Long Bone Type

Ribs Stifness

In this case study, we employed the Musculoskeletal Anatomy Family, specifically focusing

on the Vertebra and General Bone presets, to evaluate the distinctions between the two and

characterize their mechanical behavior. Additionally, we explored the Structured Heart Family,

specifically the Myocardium Highly Contractible preset, as it exhibited mechanical behaviour

similar to lytic metastases 2. The figure below (A.2) illustrates the structure of the preset used

for the specimen.

As you can observe, the difference between the General Bone preset and the Vertebra preset

lies in their composition. The General Bone preset contains more Vero Pure White material

and has support material primarily concentrated in the center. Conversely, the vertebra preset
2See Appendix B
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exhibits the opposite characteristics. This contrast mirrors the typical anatomical distinction

between vertebrae and long bones. Vertebrae typically have a thick layer of cortical bone on

the outside and more trabecular bone on the inside compared to long bones.

(a) Internal structure of Vertebra Dense by DAC. (b) Internal structure of General Bone Dense by

DAC.

(c) Internal structure of Highly ContractibleMy-

ocardium by DAC.

Figure 2.4: Composition of preset used in the model by Digital Anatomy Creator
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Figure 2.5: Model settings in Grab Cad.

After selecting the family and the element, we evaluated the porosity of the sample, dis-

tinguishing between dense and porous configurations. The difference between them lies in

the composition and thickness of the mid-layer. The dense configuration consists of 1.35 mm

thickness with 80% Bone matrix and 20% Vero Pure White, while the porous configuration

features 1.65 mm thickness with 90% Bone matrix and 10% Vero Pure White. Furthermore,

the porous configuration has a higher background composition of support materials and a

smaller scale factor for trabecular bone, resulting in thinner trabeculae. In the initial phase of

the project, we conducted an assessment of the mechanical properties of these two different

porosity states.

The last aspect of model configuration involved deciding the finishing effect, although this was

mainly a matter of aesthetics, and it wasn’t a significant focus. In Figure 2.5, you can observe

the parameters of model settings. Once the print tray was defined, the software established a

connection with the printer and configured the print times and material consumption, includ-

ing support material, which was subsequently removed manually and with the use of water.

In Figure 2.6 you can see the tray view of Grab CAD and the tray with the models after the

printing.
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(a) Example of tray view in GrabCAD. (b) Example of a printed tray.

Figure 2.6: 3D Printer tray.

2.2 Specimens

The project was divided into three main phases, as summarized in Figure 2.7.345

Figure 2.7: Workflow of specimens

3SUP: abbreviation of Support material.
4HC: abbreviation of Highly Contractible material.
5HEALED: is an expression used to describe metastatic models in which, with the help of the printer, the

metastasis has been removed, leaving only bone tissue, essentially rendering it ”healed”.
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2.2.1 Phase 1 - Material properties

As there are no articles in the literature regarding compression tests on the presets created

by Stratasys, we explored various options and conducted multiple tests by altering different

materials and setups. During this initial phase, the study primarily concentrated on charac-

terizing the material properties of the two printer presets: General Bone and Vertebra, with a

particular focus on the characteristics and differences between porous and dense types.

Six dense samples and six porous samples were printed of General Bone preset.

Five dense samples and five porous samples were printed of Vertebra preset.

The first sample for each type (Dense and Porous) was printed a couple of days earlier from

the other and was exposed to direct light.

Dimensions

The polymer specimens used to test the material and preset properties are based on ASTM

D695-15, which is the Standard Test Method for Compressive Properties of Rigid Plastic.

The sample shape is cylindrical with a diameter of 12.7 mm and a length of 25.4 mm.

To calculate the stress in the mechanical test, the area of the cylinder’s base is required. It is

calculate by the following equation 2.1.

Area = π · r2[mm] (2.1)

The figure below (Figure 2.8), shows the difference of internal structure between Vertebra (left)

and General Bone (right).

Figure 2.8: Internal structure of cylinders created using the Vertebra and General Bone presets.
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2.2.2 Phase 2 - Anatomical specimens for compression test

The second phase can be further divided into three parts:

• In the first part, the mechanical characterization of the materials is performed. This

includes Vero Clear, which will be used in the models obtained from Micro CT, and the

Vertebra and General Bone presets used in the models obtained from clinical CT. While

the latter two were previously characterized in the previous phase, in this case, multiple

samples will be tested to ensure statistical consistency. Nine samples were printed for

each material: Vero Clear, General Bone and Vertebra. Additionally, all samples are

printed simultaneously without exposure to sunlight.

• The second part focuses on the mechanical characterization of the models obtained from

Micro CT. These models include two parts: one for trabecular bone and one for cortical

bone. Therefore, with the exact arrangement of trabeculae obtained through segmenta-

tion, the stiffer printable material, Vero Clear, can be used without relying on presets. To

model the metastasis in metastatic specimens, support material is used once and Highly

Contractible Myocardium material is used another time. Ten samples were printed for

each category (Healthy, Metastatic with Support, Metastatic with Highly Contractible

material).

• In the third part, the models obtained from clinical CT are mechanically characterized.

This involves using the General Bone preset and the Vertebra preset. In this case, since

there is only one part for both cortical and trabecular bone, the internal trabecular struc-

ture is defined based on the preset used, as it follow segmentation solely for the bor-

der. Such as for metastatic vertebrae in the second part, metastasis in these models is

printed with support material once and with Highly Contractible material another time.

In this case ten samples were printed for each category (Healthy, Metastatic with Sup-

port, Metastatic with Highly Contractible material) with Vertebra preset and ten samples

for the same category but with General Bone preset.
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Dimensions

For the anatomical specimens, we made an initial distinction based on the medical image from

which they were obtained: CT Scan or Micro CT.

For each of these categories, three types of specimens were printed:

• Healthy,

• Metastatic with metastases in support material,

• Metastatic with metastases in highly contractible material.

In figure 2.9, various types of vertebrae and their internal structures are represented.

(a) Healthy vertebrae. (b) Metastatic vertebrae. (c) Internal bone structure of

vertebrae.

Figure 2.9

Depending on the imaging methodology and type (healthy or metastatic), the specimens

have different dimensions. Moreover, the samples were milled, using a Sealey 915 x 100mm

Belt/Ø150mm Disc Sander bench machine (Figure 2.10), to avoid local stress concentrations

and ensure a flat load-bearing surface.

Performing this operation manually can lead to slight variations in the dimensions of each

individual specimen. Therefore, the main dimensions of each model, including cranial-caudal

height, right-left width and anteroposterior lenght, were measured using calipers and an av-

erage for each category was recorded in the table 2.5.

45



(a) Milled bench machine. (b) Model after milling.

Figure 2.10

Table 2.5: Dimensions of different type of models.

Height (h)

(mm)

Lenght (l)

(mm)

Widht (p)

(mm)

Micro CT

Healthy 17.70 34.20 29.80

Metastatic with Support 18.20 32.90 28.40

Metastatic with HC 18.12 32.90 28.40

Clinical CT - Vertebra

Healthy 19.27 29.90 28.50

Metastatic with Support 19.45 26.10 25.30

Metastatic with HC 19.44 26.10 25.30

Clinical CT - General Bone

Healthy 19.23 29.90 28.50

Metastatic with Support 19.38 26.10 25.30

Metastatic with HC 19.37 26.10 25.30
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Also in this case to calculate the stress in the mechanical test, it was assumed that the

force is uniformly distributed over the cross-sectional area of the vertebra (approximated as

an ellipse); below is the expression used 2.2.

Area =
l

2
· p
2
· π[mm] (2.2)

2.2.3 Phase 3 - Anatomical specimens with support CAD design

In the final phase, three types of specimens were tested, all obtained from Clinical CT using

the Vertebra preset. The comparison will be made between healthy models, metastatic mod-

els with the use of Highly Contractible material inside and a final type called ’Healed’, which

represents the metastatic vertebra but treated differently. In the ’Healed’ type, the metastatic

part is filled through the printer software as if it is bone, using the printing software, with

trabeculae identical to those present in the rest of the vertebra’s body.

In this phase, all models were not milled but instead encapsulated within cylinders, to employ

a more accurate methodology with reduced variability.

Six samples were printed for each category (Healthy and Metastatic with Highly Contractible).

Regarding the ’Healed’ type, only four samples were printed, and furthermore, these samples

were printed horizontally rather than vertically like the other specimens. This could poten-

tially introduce artifacts in the obtained values.

Dimensions

The cylinders were made by a commercial CAD software and have precise dimensions:

• Height = 36mm;

• Diameter = 40mm.

All the cylinders were made entirely of Vero Clear material. Moreover, feature a negative im-

pression of the vertebrae to ensure that the connection between the vertebrae and cylinders

does not introduce local stress concentrations during testing (Figure 2.11).
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(a) Assembly between vertebrae

and cylinders.

(b) Negative impression of the

vertebrae inside of the cylinders.

Figure 2.11: Support CAD Design.

In this case, as the ends are not milled, the dimensions of the models will match those

obtained from clinical CT scans and will only differ between the healthy and metastatic ver-

tebrae, as indicated in the table 2.6.

Table 2.6: Dimensions of models without milled ends.

Clinical CT - Vertebra -

with cylinders

Height (h)

(mm)

Lenght (l)

(mm)

Widht (p)

(mm)

Healthy 19.40 29.90 28.50

Metastatic with Highly Contractible 19.60 26.10 25.30

Metastatic ’Healed’ 19.60 26.10 25.30

The equation for the area of the vertebra, which will be used to calculate stress, is the same

as the one seen previously (2.2).
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2.3 Mechanical test

The mechanical tests for phases 1 and 2 were conducted at the Technological Innovation Center

(Taeknisetur) in Reykjavik (Figure 2.12, (a)), while those for phase 3 were carried out at the

Biomechanics Laboratory of the Department of Industrial Engineering at the University of

Bologna. All the specimens were subjected to compression testing until failure.

(a) Mechanical test machine in Reykjavik: MTS Insight Elec-

troMechanical

(b) Stress-strain curve of a simple load ramp. (c) Stress strain curve of a trapezoidal load ramp.

Figure 2.12: Mechanical test setup in Reykjavik and comparison between simple load ramp and trape-

zoidal load ramp.
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The machine used for the mechanical tests in Reykjavik was an MTS Insight ElectroMe-

chanical – Standard Length, equipped with a 10kN load cell and operating at a frequency of 10

Hz. The test setup followed the ASTM D695 – 15 standard [53] and used a simple load ramp

with a speed of 1.3 mm/min.

This type of test allows the determination of the maximum stress and deformation, and the

value at failure. Figure 2.12 (b) shows the stress-strain curve of one of the models tested using

this setup.

Instead, the mechanical tests conducted at the University of Bologna were performed us-

ing a single-axis hydraulic press with Instron 8502 electronics, featuring a 100 kN load cell,

ensuring that there are no issues with failure. The mechanical test was conducted involving

a trapezoidal load ramp with a frequency of 100 Hz and a loading phase of -3mm at a speed

of 0.3 mm/s, followed by a rest period of 0.01 sec, and unloading that matched the loading

(Fig. 2.12 (c)). With this type of load ramp, it is possible to calculate not only the maximum

value of stress and deformation, but also the ultimate tensile strength, as well as the residual

deformation.

The limit for calculating residual deformation was set at 5% of the maximum stress during the

unloading phase. Unfortunately, due to some issues, the first two samples of the metastatic

models used a simple load ramp, so it was not possible to calculate the residual strain for them.

2.4 Metrics

As the data provided by the testing machine can exhibit considerable measurement noise, it

was necessary to apply a 50-point moving average filter to all specimens (Figure 2.13). This

filtering operation was performed to remove noise, creating a smoothing effect, thereby en-

hancing the readability and analysis of the graphs.

Using the force and displacement data provided by the testing machine, it was possible to

determine the stress (σ) and strain (ε) values acting on the specimens during the conducted

tests. To exclude sections with play, only force values greater than the preload (approximately

5-20% of the maximum force) were considered. In the case under examination, only values
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Figure 2.13: Example of data filtered.

exceeding 5% of the maximum force were selected.

The machine’s initial offset was subtracted from the initial displacement to ensure zero dis-

placement when the force is zero. Then, for the calculation of strain, it was assumed that the

displacement is distributed over an average free height of the measurements. Once stress and

strain values were obtained, they were plotted using Matlab software. The following chapter

presents the graphs illustrating the relationship between stress and strain, as well as the elastic

modulus.

For the elastic modulus (E), it was considered the initial point as 20% of the maximum force

and the final point as 80% of the maximum force, thus excluding the initial settling and evalu-

ating the primarily linear region. Below are the equations used to calculate stress, strain and

the elastic modulus [2.3,2.4,2.5].

σ =
F

Area
[MPa] (2.3)
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ϵ =
s

h
(2.4)

E =
σ

ϵ
=

σ80%maxforce − σ20%maxforce

ϵ80%maxforce − ϵ20%maxforce

[MPa] (2.5)

In general, the tables include average values of these quantities to avoid including numerous

data points. For the elastic modulus, the standard deviation has also been calculated, repre-

senting the variability of this data among the different samples. As an additional parameter,

the deformation difference between a control model (healthy) and a metastatic , or healthy

and metastatic, was calculated using the formula provided (2.6).

σ =
ϵmetastaticsubROIs − ϵcontrolsubROIs

ϵcontrolsubROIs

(2.6)

To made some real comparison, a statistical analysis of the T-test type was carried out, com-

paring the healthy and metastatic samples (independent data) as well as the metastatic and

treated samples (paired data). This analysis aimed to determine whether the observed differ-

ences between these two types were statistically significant or could be attributed to chance.

The test was applied separately for differente typology of models (unpaired data or paired

data), considering stress and strain as the variables of interest.

To conduct the test, the following were needed:

• Two sets of data, in this case, the mean values of the mentioned variables were used.

• Knowledge of the tail, i.e., whether there is a relationship between the variables in both

directions or in a single direction. Both cases under examination involve relationships

in both directions.

• Type of test: paired, with identical (homoscedastic) or dissimilar (heteroscedastic) vari-

ance. Although healthy and metastatic samples have different sizes, they were subjected

to the same test with equal parameters. Therefore, a paired test is considered for both

types.

52



Initially, the hypothesis H0 (null hypothesis) is rejected in order to study the level of corre-

lation between the factors, i.e., whether there is a systematic factor or if everything is due to

chance. The obtained p-value represents the smallest significance level, i.e., the probability of

committing a type I error. A systematic factor is believed to exist when, in reality, everything

is due to chance. Rejecting the null hypothesis H0 erroneously when it is actually true.

The significance level of p-value is set at 0.05.

53



Chapter 3

Results

3.1 Phase 1

3.1.1 General Bone Dense and Porous

The stress-strain curves of the individual samples are graphed below (Figure 3.1) and the max-

imum stresses, deformations and elastic modulus are tabulated in table 3.11 and 3.22.

Table 3.1: General Bone Dense data.

GBD1 GBD2 GBD3 GBD4 GBD5 GBD6

Max Stress [MPa] 64.21 70.19 70.44 70.42 70.48 70.16

Max Strain 0.173 0.186 0.191 0.193 0.187 0.189

Elastic Modulus [MPa] 1398.9 1478.7 1481.4 1456.5 1446.5 1439.1

The values from different samples are consistent.

All samples within the same category exhibit a maximum stress of approximately 70 MPa. The

maximum strain is around 0.180 and the average Elastic Modulus is 1450 MPa.

1GBD: abbreviation of General Bone Dense.
2GBP: abbreviation of General Bone Porous.
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Table 3.2: General Bone Porous data.

GBP1 GBP2 GBP3 GBP4 GBP5 GBP6

Max Stress [MPa] 64.27 70.07 70.14 68.41 69.50 69.23

Max Strain 0.190 0.184 0.184 0.189 0.188 0.212

Elastic Modulus [MPa] 1405.3 1482.4 1482.1 1415.4 1463.8 1453.2

(a) Stress-strain curve of General Bone Dense samples.

(b) Stress-strain curve of General Bone Porous samples.

Figure 3.1: Stress-strain curve of General Bone specimens.
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Figure 3.2: Comparison of stress-strain curves between General Bone Dense and Porous samples. For

each category, the first sample and the one with the highest elastic modulus are graphed.

Table 3.3: T-test for General Bone specimens

General Bone Dense - General Bone Porous

p-value

Stress 0.0751

Strain 0.3833

No noticeable differences have been observed between the dense and porous types. They

exhibit similar trends and values, with slightly lower values for the porous type.

The first sample for each type (Dense and Porous) exhibits lower values, possibly due to the

fact that it was printed a couple of days earlier and exposed to direct light, resulting in a slight

loss of properties.

No sample reached fracture. Both stress and strain obtained a p-value higher than the signif-

icance level set at 0.05. Therefore, the different porosity is not statistically significant for the

model.
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3.1.2 Vertebra Dense and Porous

Stress-strain curves of the individual samples are graphed below (Figure 3.3) and the maximum

stresses, deformations and elastic modulus are tabulated in table 3.43 and 3.54.

(a) Stress-strain curve of Vertebra Dense samples.

(b) Stress-strain curve of Vertebra Porous samples.

Figure 3.3: Stress-strain curve of Vertebra specimens.

The values from different samples are consistent, like for General Bone typology.
3VD: abbreviation of Vertebra Dense.
4VP: abbreviation of Vertebra Porous.

57



Table 3.4: Vertebra Dense data.

VD1 VD2 VD3 VD4 VD5

Max Stress [MPa] 22.44 25.75 28.00 27.71 27.59

Max Strain 0.345 0.357 0.342 0.328 0.400

Elastic Modulus [MPa] 468.7 533.9 528.9 552.1 454.1

Table 3.5: Vertebra Porous data.

VD1 VD2 VD3 VD4 VD5

Max Stress [MPa] 27.41 31.66 32.98 32.55 32.65

Max Strain 0.428 0.385 0.367 0.383 0.467

Elastic Modulus [MPa] 389.4 472.9 567.6 580.8 483.7

All samples within the same category exhibit a maximum stress of approximately 27 MPa for

Dense and 31 MPa for Porous. The maximum strain is around 0.360 for Dense and 0.400 for

Porous. The average Elastic Modulus is approximately 500 MPa for both Dense and Porous.

Also here the first sample for each type (Dense and Porous) exhibits lower values, possibly

due to the fact that it was printed a couple of days earlier and exposed to direct light, resulting

in a slight loss of properties. All samples reached fracture.

Slightly noticeable differences have been observed between the dense and porous types (Figure

3.4. But they show similar trends.

Table 3.6: T-test for Vertebra specimens

Vertebra Dense - Vertebra Porous

p-value

Stress 0.0021

Strain 0.0096

Both stress and strain obtained a p-value lower than the significance level set at 0.05. There-

fore, the different porosity in this case is statistically significant for the model.
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Figure 3.4: Comparison of stress-strain curves between Vertebra Dense and Porous samples. For each

category, the first sample and the one with the highest elastic modulus are graphed.

3.1.3 Comparison

Based on what has been observed in the previous paragraphs, there doesn’t appear to be a sig-

nificant difference in porosity variation. Polymers have lower mechanical properties compared

to human bone and the dense type should exhibit greater strength, given its lower amount of

support in the composition and a larger scale factor (meaning thicker trabeculae) compared to

the porous type. Therefore, to eliminate one variable in the characterization and simplify the

printing workflow, it has been decided that all subsequent models will feature dense porosity.

Regarding the differences between the General Bone and Vertebra presets based on these ini-

tial tests, we can observe (figure 3.5) that they have significantly different maximum elastic

modulus values: 1.5 GPa for General Bone and 0.5 GPa for Vertebra.

Additionally, their stress-strain behaviors are also different. For General Bone, there is an ini-

tial linear peak, followed by subsequent yielding and then a further increase towards a second

peak, which was not calculated due to the machine’s limit (a load cell of 10 kN).

In contrast, the Vertebra preset exhibits an initial linear peak, which is less pronounced com-

pared to General Bone. After a slight yielding, there is a second peak slightly higher than the
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first, leading to sample failure (as depicted in the figure 3.6).

Figure 3.5: Comparison of stress-strain curves between General Bone and Vertebra samples. For each

category, the first sample and the one with the highest elastic modulus are graphed.

As an initial analysis, when compared to existing literature, it appears that the behav-

ior of the Vertebra preset is more similar to that of real bone. However, since we have only

tested cylindrical samples, a more in-depth and detailed analysis of models obtained through

segmentation will be conducted in the subsequent phase.

Figure 3.6: Failure of Vertebra sample.
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3.2 Phase 2

3.2.1 Materials: Vero Clear, General Bone and Vertebra

Below, are reported the stress-strain curves of the individual samples (Figure 3.7). Outside of

some specific cases, it is evident that the printer’s replicability and reproducibility are highly

accurate. All samples of the same material type exhibit similar trends and values.

(a) Stress-strain curve of Vero Clear samples. (b) Stress-strain curve of Vertebra samples.

(c) Stress-strain curve of General Bone samples.

Figure 3.7: Stress-strain curve comparison between different materials’ specimens.

The table 3.7 provide the average values of maximum stress, maximum strain, and elastic

modulus for the materials. The graph 3.8, on the other hand, represents the mean value and

standard deviation of each material.
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Table 3.7: Data comparison of materials.

SPECIMEN VERO CLEAR VERTEBRA GENERAL BONE

Average value of the

maximum stress [MPa]
75.00 22.32 53.16

Average value of the

maximum strain
0.072 0.358 0.122

Average value of

Elastic Modulus [MPa]
1542.4 58.2 1202.8

Standard deviation of

Elastic Modulus
12.71 3.23 16.89

Figure 3.8: Comparison between average value and standard deviation of each material.

In general, it can be confirmed from the obtained values that Vero Clear is the most re-

silient material among them. In fact, it is the only material that did not reach fracture or show

macroscopic deformations during the mechanical test (using a 10 kN load cell).
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General Bone, on the other hand, presents intermediate values, which are significantly higher

than the Vertebra type. It can withstand double the stresses but still exhibits greater defor-

mations compared to Vero Clear. As shown in the figure 3.9, the second sample appears more

compressed and with reduced dimensions. Finally, Vertebra has the lowest characteristics

compared to the others, with high deformations and low stresses. The elastic modulus is also

low and in this case, the sample reached fracture, displaying a crack on the side.

Figure 3.9: Speciments after the mechical test. From the left,first one is Vero Clear, second one is General

Bone and third one Vertebra.

3.2.2 Micro CT: Healthy, withHCMetastasis, with supportMetastasis

Table 3.8: Data comparison of specimens obtained from Micro CT.

SPECIMEN HEALTHY
METASTATIC

WITH SUPPORT

METASTATIC

WITH HC

Average value of the

maximum stress [MPA]
1.10 4.02 4.03

Average value of the

maximum strain
0.308 0.137 0.103

Average value of

Elastic Modulus [MPA]
11.1 66.20 75.65

Standard deviation of

Elastic Modulus
1.05 16.68 13.03

Table 3.8 provides the average values of maximum stress, maximum strain, elastic modulus

and relative standard deviation for the materials.
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In graphs 3.10,3.11,3.12 are represent stress-strain curve of samples of each typology, instead a

comparison between the mean value and the standard deviation of each material is represented

in graph 3.13.

Figure 3.10: Stress-strain curve of Healthy samples obtained from Micro CT scan.

Figure 3.11: Stress-strain curve of Metastatic samples with metastasis of support material obtained from

Micro CT scan.
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Figure 3.12: Stress-strain curve of Metastatic samples with metastasis of highly contractible obtained

from Micro CT scan.

Figure 3.13: Comparison between different types of specimens obtained from Micro CT. The solid line

represents the mean value, while the shaded area represents the range of standard deviation.

65



All the samples reached fracture 3.14. In the case of healthy samples, the mode of failure

involves complete fragmentation. As for the metastatic vertebrae, they exhibited greater resis-

tance. The one with support inside fractured in the middle without any material loss, whereas

the one with HC inside cracked both on the side and at the back, concentrating the damage

around the metastatic area. As the load increased, soft material (HC) gradually extruded from

the cracked region.

(a) Failure of Healthy samples. (b) Failure of Metastatic sam-

ples with metastasis of support

material.

(c) Failure of Metastatic sam-

ples with metastasis of highly

contractible material.

Figure 3.14: Modes of failure of micro CT samples.

In general, as can be observed from the data, the metastatic samples withstand higher

stresses and show less deformation. However, the values for all types are low and less resistant

compared to the typical data for human bone. The stress-strain behaviors of the metastatic

samples exhibit an initial linear peak followed by fracture, while the healthy samples show

significantly different and divergent behaviors. This could be attributed to the segmentation

process or the methods used to obtain the model. Slightly noticeable differences have been

observed between the two types of metastasis. Both stress and strain obtained a p-value (Table

3.9) higher than the significance level set at 0.05. Therefore, the different type of material used

for the metastasis is not statistically significant for the model.
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Table 3.9: T-test for Metastatic specimens obtained from MicroCT.

Metastatic with Support - Metastatic with HC

p-value

Stress 0.9890

Strain 0.0763

3.2.3 Clinical CT - Vertebra: Healthy and with Metastasis

Table 3.10 provides the average values of maximum stress, maximum strain, elastic modulus

and relative standard deviation for the materials.

Table 3.10: Data comparison of specimens obtained from Clinical CT using the Vertebra template.

SPECIMEN HEALTHY
METASTATIC

WITH SUPPORT

METASTATIC

WITH HC

Average value of the

maximum stress [MPa]
8.71 10.92 8.60

Average value of the

maximum strain
0.375 0.423 0.421

Average value of

Elastic Modulus [MPa]
81.9 77.7 57.0

Standard deviation of

Elastic Modulus
7.76 4.84 3.31

The metastatic samples with support material inside exhibit higher properties and better

rigidity, also compared to the other typology of metastatic model.

Overall, all types of vertebrae exhibit similar trends and less variability.

In graphs 3.15,3.16,3.17 are represent stress-strain curve of samples of each typology.
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Figure 3.15: Stress-strain curve of Healthy samples obtained from Clinical CT scan with Vertebra preset.

Figure 3.16: Stress-strain curve of Metastatic samples with metastasis of support material obtained from

Clinical CT scan with Vertebra preset.

All the samples reached fracture (Fig. 3.18).

In the case of healthy samples, there is a crack in the front part of the model. Healthy sam-

ples exhibit lower resistance compared to metastatic ones. Meanwhile, metastatic samples

with support material have a mode of failure similar to the healthy ones, primarily concen-

trated in the front part and they are more resilient than the HC material type. The latter,
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Figure 3.17: Stress-strain curve of Metastatic samples with metastasis of highly contractible obtained

from Clinical CT scan with Vertebra preset.

(a) Failure of Healthy samples. (b) Failure of Metastatic sam-

ples with metastasis of support

material.

(c) Failure of Metastatic sam-

ples with metastasis of highly

contractible material.

Figure 3.18: Modes of failure of Vertebra samples from CT clinical scan.

however, experience a fracture in the rear part of the model, in the area of metastatic concen-

tration, and during compression, they expel the metastatic material outward, as depicted in

Figure (3.19). In terms of mechanical characteristics, they fall in between the other two types.
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Figure 3.19: Failure of the Metastatic vertebrae with HC during the machine test. As you can see, the

metastatic material is protruding from the posterior part of the model.

Table 3.11: T-test for Metastatic specimens obtained from Ct Clinical with Vertebra preset.

Metastatic with Support - Metastatic with HC

p-value

Stress 8.6330−07

Strain 0.9054

Slightly noticeable differences have been observed between the two types of metastasis.

From the T test (Table 3.11), stress obtained a p-value lower than the significance level set at

0.05. Instead the strain obtained a p value higher. So the different type of material used for the

metastasis is statistically significant for the stress but not for the strain.
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3.2.4 Clinical CT - General Bone: Healthy and with Metastasis

Table 3.12 provides the average values of maximum stress, maximum strain, elastic modulus

and relative standard deviation for the materials. In this case as well, healthy samples exhibit

lower resistance compared to metastatic ones. The metastatic samples have similar maximum

stresses, while those with internal support material deform less and have a higher average

elastic modulus, confirming their higher resistance among the three types.

Table 3.12: Data comparison of specimens obtained from Clinical CT using the General Bone template.

SPECIMEN HEALTHY
METASTATIC

WITH SUPPORT

METASTATIC

WITH HC

Average value of the

maximum stress [MPa]
14.41 18.71 18.79

Average value of the

maximum strain
0.063 0.055 0.076

Average value of

Elastic Modulus [MPa]
320.8 432.7 336.2

Standard deviation of

Elastic Modulus
15.75 17.16 22.97

In graphs 3.20,3.21,3.22 are represent stress-strain curve of samples of each typology.

All the models exhibit a linear, almost rigid behavior with an increasing trend. Compared to

the Vertebra preset, they show greater variability among the various samples.

Table 3.13: T-test for Metastatic specimens obtained from Ct Clinical with General Bone preset.

Metastatic with Support - Metastatic with HC

p-value

Stress 0.0487

Strain 7.3849−5
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Figure 3.20: Stress-strain curve of Healthy samples obtained from Clinical CT scan with General Bone

preset.

Figure 3.21: Stress-strain curve of Metastatic samples with metastasis of support material obtained from

Clinical CT scan with General Bone preset.
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Figure 3.22: Stress-strain curve of Metastatic samples with metastasis of highly contractible obtained

from Clinical CT scan with General Bone preset.

Also in this case, some differences have been observed between the two types of metastasis.

From the T test (Table 3.13), stress and strain obtained a p-value lower than the significance

level set at 0.05. So the different type of material used for the metastasis is statistically signif-

icant for the model with General Bone preset.

It’s important to note that no sample reached fracture, as shown in Figure 3.23.

Figure 3.23: Sample of General Bone after the mechanical test.
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3.2.5 General Comparison

Micro CT and Clinical CT

In Figure 3.24, all types of anatomical samples printed in this phase from medical images are

depicted. The differences between healthy and metastatic samples have already been defined

earlier.

Regarding the differences between the two types of medical images, at this point, clinical CT is

considered more reliable and closer to human behavior. In comparison, the samples obtained

from Micro CT exhibit very low resistance, fracturing after undergoing certain deformations.

Figure 3.24: Final comparison between models obtained from Micro CT scan and models obtained from

Clinical CT scan.

74



As seen in the previous paragraph, those obtained from clinical CT exhibit different behav-

iors depending on the preset. The General Bone preset has higher resistance but an extremely

linear behavior, while the Vertebra preset displays a linear-elastic behavior. Moreover, the

mode of failure is similar to that of human vertebrae, especially in the metastatic type with

highly contractible material, where the fracture concentrates in the posterior part where the

metastasis is concentrated, and the material escapes.

Vertebra and General Bone from Clinical CT scan

Now, focusing on the difference between the two presets: Vertebra and General Bone. Figure

3.25 illustrates the average stress-strain curves of various healthy and metastatic samples with

different presets, along with the standard deviation for each type.

Figure 3.25: Comparison between models obtained from different preset from Clinical CT scan.

Comparing the two presets, we can immediately notice that the Vertebra preset exhibits

an initially linear and subsequently elastic behavior, while the General Bone preset displays
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a nearly rigid, linear behavior. The former has lower stiffness and reaches fracture, while the

latter does not reach fracture due to the 10kN load cell limitation.

In both cases, the healthy and metastatic samples with metastases in Highly Contractible ma-

terial exhibit similar mechanical behavior (as seen in the overlap). Meanwhile, the metastatic

samples with metastases in support material show greater resistance in both cases.

Table 3.14: T-test comparison between healthy and metastatic with HC specimens obtained from Ct

Clinical with General Bone and Vertebra preset.

General Bone - Vertebra

Healthy p-value

Stress 2.4116−15

Strain 1.8146−7

Metastatic with HC p-value

Stress 1.6486−13

Strain 2.0635−11

Based on the T-test (Table 3.14), when comparing the presets, both for healthy and metastatic

vertebrae with HC, the obtained p-value is lower than the significance level set at 0.05. With

such a low p-value, it can be concluded that the observed difference in strength between the

two means is statistically significant. Therefore, the influence of the preset inside the model

on the mechanical properties is statistically significant.

In conclusion, after conducting these analyses, it has been established that the model rep-

resenting the ex vivo human model most accurately is the one configured with the Vertebra

setup, specifically the metastatic type with Highly Contractible material.
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3.3 Phase 3

3.3.1 Healthy vs Metastatic with Highly Contractible material

Table 3.15 provides the average values of maximum stress, maximum strain, elastic modulus

and relative standard deviation for the materials.

Table 3.15: Data comparison of healthy and metastatic specimens

SPECIMEN HEALTHY METASTATIC WITH HC

Average value of the

maximum stress [MPa]
20.97 27.55

Average value of the

maximum strain
0.171 0.150

Average value of

Elastic Modulus [MPa]
385.2 547.9

Standard deviation of

Elastic Modulus
41.13 20.43

Average value of

residual strain
0.126 0.086

The metastatic specimens exhibited higher mechanical properties compared to the healthy

specimens.

In graphs 3.26,3.27 are represent stress-strain curve of samples of both typology, healthy and

metastatic.

The metastatic samples have a fracture load of approximately 14 kN and are highly repeatable,

with expulsion of the metastatic area and orthogonal compression to the loading direction. On

the other hand, the healthy samples have a lower fracture load and exhibit a different mode of

fracture, occurring along planes at a 45-degree angle to the loading direction.
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Figure 3.26: Stress-strain curve of Healthy Specimens with cylinder at ends.

Figure 3.27: Stress-strain curve of Metastatic specimens with Highly Contractible material and with

cylinder at ends.

78



The graphs 3.28 shows the mean value for each typology compared.

Figure 3.28: Stress-strain curve of mean value and standard deviation of healthy and metastatic speci-

mens with cylinder at ends.

Both typologies exhibit high variability, although the deviation is at most 10% compared

to the elastic modulus values.

The obtained strain difference value is -12.3, indicating that the metastatic vertebra is less

deformed than the healthy one. This is consistent with the previous tests, which showed that

the stiffness of the healthy specimens is lower than that of the metastatic ones.

Additionally, the Highly Contractible material inside the metastatic vertebra contributes to

its resistance properties. Moreover the Healthy specimens present bigger dimensions than

Metastatic, that means that they have more cortical bone so for this reason are less deformed.

In Figure 3.29, it is possible to observe the sample before and after the mechanical test. The

compression of the vertebra and the flattening of the trabeculae in the central part of the
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specimen are clearly visible.

(a) Sample before the

mechanical test.

(b) Mechanical test. (c) Sample after the

mechanical test.

Figure 3.29: Differences between specimens before and after the test.

Table 3.16: T test for Healthy and Metastatic specimens.

Healthy -Metastatic

p-value

Stress 7.621−105

Strain 3.168−18

From the tables 3.16 values the p-value of Healthy - Metastatic comparison is lower than

the significance level, set at 0.05. With such a low p-value, it can be stated that the observed

difference in strength between the two means is statistically significant. Therefore, the pres-

ence and effect of metastasis are statistically significant for the model.
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3.3.2 Metastatic with Highly Contractible material vs ’Healed Metas-

tasis’

Table 3.17: Data of ’healed’ specimens.

SPECIMEN HEALED

Average value of the

maximum stress [MPa]
26.04

Average value of the

maximum strain
0.150

Average value of

Elastic Modulus [MPa]
484.1

Standard deviation of

Elastic Modulus
71.18

Average value of

residual strain
0.076

Table 3.17 presents the average values of maximum stress, maximum strain, elastic modu-

lus, and relative standard deviation for the materials. The specimens present high variability,

although the deviation is at most 15% compared to the elastic modulus value.

In graphs 3.30, stress-strain curves of ’healed’ samples are depicted, along with a comparison

between mean values and standard deviations. Compared to the metastatic specimens, the

’healed’ ones exhibit lower resistance and a more uniform behavior, as evident in the figure

3.31; moreover from the data it has an higher standard deviation.

By calculating the deformation difference a value of 1.13 is obtained, indicating that the

metastatic vertebra in this instance is more deformed compared to the ’healed’ one.
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Figure 3.30: ’Stress-strain curve of Healed samples’.

Figure 3.31: Stress-strain curves comparison between ’Healed’ and Metastatic vertebrae.
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Table 3.18: T test for Metastatic and Healed specimens.

Metastatic-Healed

p-value

Stress 1.149−125

Strain 1.174−123

As can be seen from the tables 3.18 values, in all cases, the obtained p-value is lower than

the significance level set at 0.05. With such a low p-value, it can be stated that the observed dif-

ference in strength between the two means is statistically significant. Therefore, the presence

and effect of metastasis are statistically significant for the model.
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3.3.3 General Comparison

In this section, a final comparison was conducted among the types of specimens tested in the

third phase (Healthy, Metastatic with HC, and ’Healed’).

Figure 3.32: Comparison of mean value curve between Healthy, Metastatic and Healed samples.

Generally, as depicted in Figure 3.32 the metastatic specimens are the most resistant, and

the healthy ones are the least. It’s interesting to note that the ’Healed’ type falls in between.

The trends are close to, but the modes of failure is different.

However, it should be noted that the ’Healed’ specimens may have artifacts due to the printing

direction. Other factors that may have influenced the results include the temperature condi-

tions for specimen storage, exposure to sunlight, and the printing times, if the aforementioned

conditions were met.
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Chapter 4

Discussion

The purpose of this study was to develop synthetic anatomical models, specifically vertebrae

and metastases, using digital anatomy printing technology to assess and validate their proper-

ties compared to real samples. This involved evaluating the compression properties of models

obtained from medical images, including clinical CT and Micro CT. All the models were printed

using a 3D PolyJet printer from Stratasys.

In the field of biomedicine, 3D printing technology has found extensive applications, espe-

cially in various surgical procedures such as spinal, hip, pelvic, knee, foot, ankle, and upper

extremity surgeries. In spinal surgery, one of the primary applications is preoperative plan-

ning, where 3D printed models are used for complex spinal deformity surgeries. By utilizing

MRI and CT scan data, 3D printing technology can accurately reproduce the spinal morphol-

ogy of patients with actual deformities. However, the focus has primarily been on visualization

and aesthetic applications.

Furthermore, 3D printing technology has been used for preoperative planning in the removal

of tumor tissues from spinal structures. Recent studies have shown that the Spinal Instability

Neoplastic Score (SINS) is not cutting-edge for metastatic vertebrae and that evaluating the

type, size, and location of metastases is crucial for assessing spinal instability.

In this study, despite inherent limitations, an attempt was made to address these ques-

tions, starting with a characterization of the properties of printable materials used, primarily

the bone component. It was observed that all musculoskeletal components available for print-
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ing not only had aesthetic and tactile characteristics similar to their human counterparts but

also exhibited similar mechanical and structural characteristics. It is important to note that

these components are made of polymers, so their mechanical strengths differ (3000 MPa for

bone vs 400 MPa for polymers). However, fracture modes and trends are similar. It would

be interesting to characterize other bone components and subsequently test complete spinal

segments (vertebrae, discs, ligaments, etc.), each with its own mechanical properties.

After studying the properties of the materials, differences between models obtained from Clin-

ical CT and Micro CT were examined. Micro CT offers higher resolution, which is visible in

the print, but it can also lead to complications such as segmentation and meshing difficulties.

Analyses revealed that Micro CT was not very accurate in representing the mechanical prop-

erties of the model, possibly due to segmentation or meshing errors. Clinical CT, on the other

hand, proved to be more precise, partly thanks to the available printer presets that simulate

the internal structure of the anatomical component by mixing materials to achieve the clos-

est possible physical and mechanical composition. Additionally, using the Digital Anatomy

Creator, it is possible to modify these compositions and define specific and customizable ma-

terials.

The study also investigated the differences between healthy and metastatic vertebrae, and

these differences were extensively characterized. Lytic metastatic vertebrae contain soft elastic

tissue inside them instead of trabecular bone, which makes them more resistant than healthy

ones. However, this soft elastic material also increases tangential forces and pushes laterally,

resulting in a characteristic fracture pattern. Considering that healthy and metastatic vertebrae

are adjacent and the comparison is made due to a lack of other possibilities, the introduction

of 3D printing (3DP) has allowed for more in-depth studies. Once the printer preset has been

validated as a plausible representation of a musculoskeletal component, in this case, trabecular

and cortical bone, it becomes possible to remove the metastasis from the metastatic vertebra

and fill it using software presets as if it were healthy. This enables a true comparison between

healthy and metastatic vertebrae because they are no longer two adjacent vertebrae but the

same one.

Compared to ex-vivo tests, the use of 3D printed models reduces variability, as the printer

offers a high level of precision, reduces costs (compared to donor specimen costs), and, most
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importantly, allows for many more replicas of the same component with the same disease. This

makes this method a repeatable, reproducible, and customizable alternative to using ex-vivo

models. However, there are still inconsistencies in the mechanical resistance properties at the

moment, even though the fracture mode can be replicated.

4.1 Limitations of the study

Clinical Data and Procedures

There are some limitations in this study that must be considered. Firstly, all anatomical samples

were obtained from medical images, so the quality of these images may vary and could contain

artifacts that might alter the Hounsfield Units (HU). Additionally, the quality of the scanner

can affect the level of detail in the final image. Although segmentation software simplifies the

process using specific tools and automatic segmentation based on Hounsfield Units, in some

cases (such as details or image quality), manual intervention may be necessary, introducing

the potential for human error and subsequent artifacts.

It should also be noted that this was a novel and innovative method for using these types of

3D printed synthetic models. Therefore, there was no established protocol to reference, but

efforts were made to maintain consistent setups and test conditions for each sample.

Materials and Printing

The main limitation concerning materials is the polymers themselves. These materials have

lower mechanical properties compared to human bone and can also be influenced by heat,

which can alter their properties and, consequently, their strength. The 3D printer itself can

introduce limitations as well. All printing parameters, such as print orientation, timing, etc.,

influence the characteristics of the model, including its surface properties. These characteris-

tics are highly dependent on factors like exposure to sunlight and oxygen. Furthermore, the

presets used for printing the models, while highly customizable and featuring various charac-

teristics, are constrained by the printer’s ability to combine seven materials, and the materials

themselves are not well-known or tested in a mechanical context.
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Analysis

Another limitation is the relatively small sample size, which limits the generalizability of the

findings. All models were created from medical images obtained from a spinal segment with a

disease. Additionally, the analysis focused on a single type of load and tested the vertebral body

under axial compression conditions (following the ASTM protocol). However, a comprehen-

sive and detailed analysis was performed on each specimen, evaluating their local properties

and comparing the results for each type. Nevertheless, the modes of failure observed in this

study were consistent with those reported in other studies involving ex vivo specimens.

Another important limitation pertains to the shape of the specimens. To avoid milling and,

consequently, altering the model’s structure, an assembly method using two cylinders at the

ends was chosen. However, using this approach, the stiffness values obtained are higher be-

cause the cylinders are stronger than the anatomical model. Furthermore, by using this setup,

local deformations are avoided. Nevertheless, it should be acknowledged that this setup is not

an exact replica of the physiological human model.
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Chapter 5

Conclusion

In this study, for the first time, the Digital Anatomy Printer was utilized to create synthetic

anatomical models used for mechanical characterization rather than surgical planning. More

specifically, vertebral and metastatic models were developed to replicate the mechanical be-

havior of ex-vivo models. To address this objective, over a hundred samples underwent com-

pression testing.

Through an innovative approach to 3D printing, which considered the mechanical properties

of Digital Material and the use of Digital Anatomy Creator, an acceptable level of accuracy and

precision was achieved in investigating the differences between vertebrae with and without

pathologies, particularly those with lytic metastases, and in assessing the risk of fracture.

The mechanical properties of each Digital Material were measured and then compared. The re-

sults revealed distinct behaviors among individual materials and different presets, with vary-

ing trends. Additionally, differences between models printed from different medical image

segmentations were examined, showing higher accuracy and better mechanical characteris-

tics for the models obtained from clinical CT scans.

Furthermore, an analysis of the morphological effect was conducted on the anatomical mod-

els. Vertebral segments affected by lytic metastases exhibited overall higher strains compared

to control vertebrae. Moreover, a similar fracture location and mode of failure were identified

compared to ex-vivo models.

This method, along with the associated evidence, when applied to a larger sample, could be in-

strumental in implementing new biomechanical-based criteria for predicting the risk of bone

89



metastasis-related fractures. These new paradigms could contribute to standardizing and cus-

tomizing scenarios in this field.

Looking ahead, there are several areas that merit attention. Firstly, there is the potential

to analyze subjects with various pathologies, including blastic or mixed vertebrae and osteo-

porotic diseases. This expansion could enhance the possibilities for replicating ex-vivo tests.

Additionally, there is a need to develop digital materials with high mechanical properties and

increased rigidity. This advancement could open up new possibilities, including the potential

use of implantable devices in conjunction with biocompatible materials.

Furthermore, with the introduction of new features, future studies could focus on fully char-

acterizing a spinal segment. This would involve printing and assembling all the components,

each with its unique characteristics, contributing to an overall representation of the spinal

column.
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Appendix A

Digital Anatomy Creator

The Digital Anatomy Creator (DAC) is a powerful tool that generates unique presets, prepares

models for printing and facilitates project sharing [54]. It provides a detailed view of each

cross-section of a model and offers a wide range of options for assigning materials that influ-

ence the mechanical properties of the model. When used for printing anatomical structures,

the DAC produces high-quality products that closely resemble real anatomy. Layers can be

constructed using various materials, structures, thicknesses, and other properties.

In the DAC, each model includes a default background and outer layer. The background layer is

automatically applied to all models, regardless of their size and it has an infinite size, covering

the entire model to ensure the printer does not print empty space. It serves as the lowest-

priority layer and comes into play when no other layer is defined. Furthermore, there is the

outer layer, which has the highest priority and is at least 0.3 mm thick. Its purpose is to ensure

compliance with Digital Anatomy Printer limitations.

Beyond these default layers, users can add and modify layers as needed to achieve specific me-

chanical properties. Each layer can incorporate up to 7 different materials, including support

materials. Users have the flexibility to define the ratio and threshold of materials based on the

requirements of their models.

The DAC also offers various Noise Functions (Digital Material, Perlin, Cubes Grid, Scattered

Sphere, Gyroid), each providing distinct mechanical properties and visual characteristics for

the layer and the model. For the Vertebra and General Bone presets, the Perlin noise func-

tion is employed, creating amorphous 3D structures composed of different materials with dy-
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namic thresholds and scales. This function involves continuous and nonlinear combinations

of advanced mathematical equations. In contrast, the Myocardium preset utilizes the Gyroid

noise function, generating 3D wave-like patterns that give the layer an isotropic structure.

An isotropic structure exhibits uniform physical properties in all directions, such as breaking

points, elasticity, and stiffness.

Moreover, the size of elements inside the noise functions can be adjusted using the scale factor.

Additionally, three properties (Edge Blending, Dynamic Layer Thickness, Noise Modulation)

offer control over the mechanical and visual aspects of a model:

• The Edge Blending option defines the transition gradient between two layers by speci-

fying the distance between the selected layer and those preceding and following it. This

function distributes a random mixture of material from the selected layer over the other

layer in a linear gradient that matches the chosen thickness.

• The Dynamic Layer Thickness option allows for changing the layer’s thickness along

the model’s long axis.

• The Noise Modulation option creates a gradient of ratios or thresholds for materials in

the selected layer. Unlike Edge Blending, which affects layer dimensions, Noise Modu-

lation is manifested within the layer itself.

Figure A.1: Composition of preset Vertebra Porous by DAC
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In this study, we focused on the Porous Vertebra preset and assessed the variation in me-

chanical properties by modifying its internal characteristics. The general structure of the pre-

set (Figure A.1) consists of:

• Outer layer : 0.35 mm composed entirely of Bone matrix.

• Layer 1: Ranging from 0.35 mm to 2 mm (1.65 mm in total thickness) with 90% Bone

matrix and 10% Vero Pure White, along with an edge blending parameter from 0 to 1.

• Background: Ranging from 0 to 50 is made of support material (SUP706) and from 50 to

100, it consists of Vero Pure White.

(a) Replacing Vero Pure White

with Vero Clear and using Gel

Matrix instead of support mate-

rial (GM).

(b) Replacing Vero Pure White

with Vero Clear (VC).

(c) Replacing Vero Pure White

with Vero Clear and also mul-

tiplying the scale factor by 5

(VC5).

(d) GM (e) VC (f) VC5

Figure A.2: Visualitation of the different composition in DAC and printed.

93



We conducted three tests with different compositions (Figure A.2):

1. Replacing Vero Pure White with Vero Clear and using Gel Matrix instead of support

material (GM).

2. Replacing Vero Pure White with Vero Clear (VC).

3. Replacing Vero Pure White with Vero Clear and also multiplying the scale factor by 5

(VC5).

Two samples were printed for each composition, one healthy and one metastatic. The obtained

values of stress, strain and elastic modulus for these various models are summarized in the

table A.1 and visualized in the figure A.3. We compared this data with a model of a vertebra

using the original preset. It’s noteworthy that the original preset values are lower due to the

higher strength of Vero Clear compared to Vero Pure White. As for the graphs, they exhibit

similar behavior in the initial phase across all compositions, but in the latter part, they display

distinct behaviors. In general, there is potential for conducting numerous different tests, which

could be explored further for the development of presets that closely mimic and are more

customizable to the properties of the human body. However, for now, this part of the study

concludes at this point.

Table A.1: Data comparison between different composition

GM VC VC5 VP

Healthy

Max stress [MPa] 12.31 11.48 12.21 8.71

Max strain 0.322 0.446 0.174 0.375

Elastic Modulus [MPa] 55.62 60.96 69.29 81.92

Metastatic

Max stress [MPa] 13.05 11.67 13.15 10.92

Max strain 0.302 0.459 0.265 0.423

Elastic Modulus [MPa] 53.30 66.04 66.79 77.74
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(a) Comparison between different composition of healthy vertebrae: GM, VC and VC5

(b) Comparison between different composition of metastatic vertebrae: GM, VC, VC5

Figure A.3: Stress-strain graphs.
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Appendix B

Confined compression test of metastasis

During the study, were utilized two different materials to characterize and represent metasta-

sis: Highly Contractible (Structural Heart Myocardium) and Support material.

In general, a lower strength is observed in metastatic vertebrae. Regarding vertebrae with lytic

metastasis, this lower resistance can be explained by considering that the structure is damaged

by an empty zone where the bone tissue is replaced by soft tumor tissue [9].

Using the Digital Anatomy Creator, we determined that the composition of the Highly Con-

tractible Myocardium consists of 50% Agilus30 and 50% Tissue Matrix in the core, with an

outer layer of 0.4 mm of Agilus30. After conducting an analysis and study of the properties

of printable digital materials, Highly Contractible appears to be the most suitable choice due

to its soft tissue nature and specific elasticity. So was decided to further investigate its me-

chanical characteristics through confined compression tests. Since there are no regulations

regarding confined compression tests of polymeric materials, was created a custom setup to

test the samples.

The dimensions of the samples and test times were referenced to ASTM standard D695-15,

which is the Standard Test Method for Compressive Properties of Rigid Plastic. The machine

used for the mechanical tests was an MTS Insight ElectroMechanical, equipped with a 10kN

load cell and the test setup employing a simple load ramp with a speed of 1.3 mm/min.

The following figures (B.1) depict the components used in the setup, namely the piston,

outer cylinder, and sample.
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(a) Cylinder. (b) Outer cylinder. (c) Piston.

Figure B.1: CAD setup for confined compression test

The dimensions were evaluated based on the standard sample and within tolerance. Both

the piston and the outer cylinder were manufactured from 316L stainless steel. Five samples

were printed. From these test was obtained the maximum stress, strain and elastic modulus

within the linear region. The data are summarized in the table B.1. The graphs B.2 shows that

the samples exhibit an initial compression phase with high strain at constant stress and nearly

zero. This is the loading and crushing phase of the sample, followed by a linear behavior lead-

ing to sample failure.

Table B.1: Data from confined compression test.

HC1 HC2 HC3 HC4 HC5 Average

Max stress [MPa] 9.66 6.55 8.01 11.10 10.24 9.11

Max strain 0.081 0.072 0.065 0.070 0.083 0.074

Elastic Modulus of linear region [MPa] 719.9 796.6 955.6 904.8 1108.1 911.4
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Figure B.2: Stress-strain graph of confined compression test of Highly Contractible material.

(a) Setup confined compression

test.

(b) Fracture mode of the HC

samples after confined compres-

sion test.

Figure B.3
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In Sample 1, we continued to assess stresses even after the initial failure, where ”X” repre-

sents the point of first damage or failure. As we can observe, the material can withstand much

higher stresses until complete compression. This could also be attributed to the presence of the

outer steel cylinder, which has significantly higher strength compared to polymeric materials.

The fracture mode of all samples resulted in an inclination of approximately 45 degrees, as

depicted in the figure B.3. This may be due to inappropriate tolerances in the setup.

The study concluded with this characterization, confirming that the HC material exhibits an

elastic and linear behavior that generally corresponds to that of metastasis within vertebrae.
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