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Abstract. This work aims at the development of a streamlined and robust CAD
procedure to design load-bearing implants. The methodology used to reach this
result is explained in the paper: 3D digital anatomy reconstruction of defective
structures of the patient is performed with the help of a statistical shape model;
subsequently, a CAD modelling tool based on implicit modelling (i.e., nTopology) is
used to implement a repeatable semi-automatic procedure that can be performed
by a competent user with little effort and limited manual operations. Once that the
main shape of the implant is defined, lattice geometries are generated to improve
mechanical properties of the implant. The procedure requires as inputs the
reconstructed anatomy of the patient and a series of clinical indications on the type
of implant that needs to be designed. The paper discusses the development of the
whole procedure; achieved results, which include the application of the whole
framework on multiple case studies, are presented. The procedure allows the
design of a whole implant in 20 minutes circa.
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1 INTRODUCTION

Additive Manufacturing (AM) has emerged as a central factor in the transformation of the
healthcare industry, as it has allowed the improvement of patient care in several clinical areas. In
orthopedics, surgeons have reduced the invasiveness of surgical interventions, which can now be
performed relying on customized tools specifically manufactured for the patient, and have
improved the surgical outcome [18]. Patients’ safety and satisfaction have consequently seen an
increase in the last years [19]. More importantly, because AM allows for the rebuilding of severely
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damaged bones and the restoration of joint kinematics that would otherwise be untreatable, it is
directly helping to the advancement of the medical field. In this scenario, the diffusion of custom
orthopedic prostheses is hindered by the effort required to design such specific devices, whose
shape and features are influenced by the patient's anatomy and anamnesis. Indeed, the design
phase of such devices is cumbersome and time-consuming, as it involves different human skills
(medical and engineering) and resources (medical imaging and 3D modeling software systems).
This ultimately leads to a time-consuming process that implies significant costs.

The goal of the present work is to optimize and automate the design phase and 3D modeling
of custom orthopedic implants, with the aim of making such devices more and more accessible.
Specifically, regarding the automation of orthopedic implant design, an algorithm has been
developed within nTopology [46] that is able to generate the 3D model of pelvic prosthesis in
2%0.15 minutes starting from simple CAD inputs. Accordingly, the goal of the present work is to
develop a simple and effective tool within the reach of non-expert CAD users, reduce design time
and related costs. The paper is organized as follows: Section 2 presents the state of the art on
custom implant design: starting from the main workflow, main steps are described and discussed.
Section 3 presents the design methodology studied by the authors. Results obtained in this study
are finally presented in Section 4.

2 STATE OF THE ART

The design process of custom implants can be resumed by the following Fig. 1.

3D
anatomical
reconstructio
Surgical
planning
Design
requirements Custom
Implant
design

Surgery Manufacturing

Figure 1: Design workflow of custom devices; The operations carried out by clinicians are
represented in red, while those demanded to engineers and technicians are highlighted in blue.

The process begins with the generation of the required 3D anatomical models; these are identified
and modelled, through a process called segmentation, from the diagnostic images of the patient;
dedicated software is used to attain this result. Such models are used to plan the surgery and
identify constraints that need to be enforced. Because various severe biomechanical and
technological issues must be taken into account, this is by far the most time-consuming procedure.
As a result, several iterations are often required before the final design is accomplished. A
continuous confrontation between surgeons and engineers is typically required to design a product
that is effective and well-built. When designing load-bearing implants that will face severe load
conditions or will require an extreme optimization in terms of mass reduction, Finite Element (FE)
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Analysis can be performed to evaluate the interaction of the device with the surrounding tissues.
However, this step is highly time-consuming and conflicts with the need to achieve the final design
of the prosthesis as soon as possible, especially when dealing with oncological cases, which impose
a narrow temporal window to counter cancer’s advance. The final step of the process is, evidently,
manufacturing; depending on the shape of the device and the technology, occasionally some
modifications are required, even in this phase, to improve the quality of the product.

The development of tools automatizing the design process could deliver significant

advantages in terms of safety and reliability, as they could provide structure to a process that,
nowadays, could be considered almost artisanal. Moreover, by reducing the time spent in the
modelling phase, more resources could be spent for structural analyses, achieving a higher
optimization of the design.
Ultimately, the goal is to make the design and production of custom orthopedic implants more
efficient and accessible for patients. The design automation also delivers significant advantages in
terms of product safety and reliability; in addition, by reducing the time associated with implant’s
modeling, more resources can be spent on FE analysis for a deeper biomechanical evaluation of the
system and further optimize the design. This work focuses on pelvic implants to tackle the
challenges introduced by the complex anatomical structure as well as the presence of numerous
vital structures [6]. Nevertheless, the principles exposed in this work can be easily transferred to
other anatomical districts.

In order to improve the current design strategy for orthopedic implants, where lattice
structures are limited to a few millimeters at the bone-implant interface for osseointegration, in
this work the devices are designed with an internal Gyroid-based lattice structure [14], which
exhibits promising features for load bearing applications. The introduction of the lattice structure,
besides mass and cost reduction, has the positive effect to match the global stiffness of the implant
with that of the bone, thus mitigating bone remodeling effect due to stress-shielding [3,35], and
providing a biomimetic environment which promotes osseointegration.

2.1 Gyroid for Load-bearing Application

An efficient method to decrease the elastic modulus of a metal body, and thus the mechanical
mismatch between implant and bone, is to create a lattice infill [24,15,43,38]. Recent
developments in Computer Aided Technologies (CAx) and AM allow to model and manufacture
porous lightweight cellular metallic structures [5,10,32,41] which exhibit a lower elastic modulus
compared to the bulk material. A lattice structure leads to several advantages:

e Mass reduction, and thus weight and cost;

e Possibility to tune the geometric, and consequently mechanical, properties;

e Promote bone ingrowth, providing a stable biological fixation.

It is fundamental that the designed lattice provides a biomimetic mechanical environment that
promotes cell migration and seeding [41]. Cell viability, seeding and proliferation are sensitive to
the 3D structure of the scaffold, thus it is crucial to mimic the natural architecture of the bone to
promote the integration of the host tissue within the implant [31]. Besides the geometry, a
mechanical stimulation of the cells as close as the natural condition as possible is beneficial
[17,34,44].

Besides stress-shielding mitigation, osseointegration is a key factor for a long-lasting
orthopedic implant. Osseointegration is defined as a direct structural and functional connection
between ordered, living bone and the surface of a load-carrying implant [28]; thus, bone grows
into the porous structure creating a very strong bond between bone and implant. Bone ingrowth
into an implanted structure is affected by a multitude of factors, including material
microarchitecture, e.g. cell topology, porosity, pore shape and size, and properties of the
constituent material [22].

The scaffolds suitable for tissue engineering should satisfy the following structural requirements
for an optimal integration with the host bone:

e the scaffold architecture should structurally and functionally mimic the structural hierarchy

of the host tissue [23];
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e the scaffold must be porous with interconnected pores to provide a viable space for cells,
facilitate the diffusion of nutrients and waste products from the implant, and enhance
vascularization [7,20];

e the pores should be interconnected to allow Material transport and cell migration [27];

e the pores should have curved cross-sections and avoid straight edges To mimic the curved
partitions that separate cells aggregates [42];

e the scaffold should retain its structure after implantation without undesired deformations
[13,33];

e the permeability of the scaffold must facilitate the inflow of nutrients and the disposal of
metabolic waste [21] through the scaffold’s pores.

An orthopedic implant should be designed to guarantee a stable fixation with the host bone and
limit stress shielding effects, while ensuring its structural integrity for its life-cycle.

Biocompatible metal materials as stainless steel, Co-Cr alloys and titanium alloys are widely
employed for orthopedic applications [39], though the mismatch between Young’s modulus e.g. of
titanium (E = 100 - 110 GPa) and host bone (E = 5 - 30 GPa) has a negative effect over stress
shielding. The most promising approach to tackle this issue is to match the elastic modulus of the
implant with that of the bone by implementing a lattice infill, while maintaining an adequate
mechanical resistance to static and repetitive loads.

A variety of methods have been developed to produce porous metallic scaffolds with a
homogeneous pore size distribution that provides a high degree of interconnected porosity for bone
ingrowth [2]. Most popular lattices for bone replacement are:

e Strut-based cellular solids (ordered or stochastic, mimicking trabecular bone

e Triply Periodic Minimal Surface (TPMS) based cellular solids
In the past decades, a broad variety of lattice structures for orthopedic applications have been
tested, such as diamond, truncated cube, truncated cuboctahedron and tetrahedron [43]. Among
them, recently the TPMSs have proven to be the most suitable for the discussed application
[35,32,45]. TPMSs are a class of implicit surfaces which have often been observed in nature, as in
biological membranes [29,26]. TPMSs structures have smooth boundless surfaces that divide the
space into two labyrinths in the absence of self-intersections [40]. Compared to strut-based lattices
like cubic, octahedral, kelvin etc., these surfaces can guarantee a better biological fixation because
they promote a stronger cell adhesion and vascularization [30,4]. TPMS-based cellular structures
are characterized by a smoother transition at the connection point of the structure’s components
compared to strut-based cellular structures [26], which also reduces stress concentrations. The
materials’ surface characteristics affect the osteoblast adhesion on biomaterials, a fundamental
premise for bone integration; therefore, the porosity, pore shape and pore size of the biomaterial
play a critical role in the bone ingrowth in vivo [24]. Several studies have proved that porous
scaffolds with mathematically designed TPMSs provide a suitable environment for cell adhesion and
proliferation [41]. Osseointegration, and thus a stable fixation between bone and implant, is the
result of a combination of physiological processes which are highly dependent to some
characteristics of the lattice structure: (i) pore size, (ii) pore architecture, and (iii) surface area to
volume ratio (SA/V ratio). The main advantage of minimal surface biomimetic scaffolds is the open
cell structure, deemed to facilitate cell migration and vitalization, while retaining a high structural
stiffness.

Among the TPMSs surfaces, the Gyroid (Figure 2) provides a higher SA/V ratio compared to
strut-based lattices [41], which have been proved to promote cell adhesion and proliferation.
Gyroid surface has neither planes of symmetry nor straight lines, with a similar topology to the
trabecular bone, and allows to create high-performance lattice structures [36,37].
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Figure 2: Gyroid surface. (a) Gyroid surface, (b) solid Gyroid.

TPMSs can be mathematically modelled with simple implicit functions, and their geometry can be
altered in R3 space with no discontinuities or sharp edges [41,45,1], which has a positive effect in
reducing stress concentrations. Moreover, thanks to this property, the design process of implants is
simplified and easy to control; specifically, the designer benefits from a higher freedom that can be
exploited to improve the performances of the prosthesis. Furthermore, TPMS structures have
features that maximize their manufacturability via powder-based AM processes [45,29]. Struct-
based geometries typically show an excess of sintered material in the nodes of the structure and
higher deviation from the desired geometry, with respect to TPMS surfaces [4]. Gyroid proved to
be one of the most promising lattice structures for orthopedic applications thanks to its geometric
and mechanical properties, as well as its manufacturability via AM.

3 DESIGN AUTOMATION

Several case studies, provided by the department of oncological orthopedics of Careggi Hospital
have been analyzed to get an insight of the design process of a custom pelvic implant and find the
repetitive operations to be optimized and automated. 20 case studies have been considered, which
included a wide variety of oncological cases as well as revision implants. The design process can be
summarized as follows:

1. Virtual anatomical reconstruction (acetabular parameters, mesh repair)

2. CAD modelling of the implant shape

3. Lattice infill design
Figure 3 resumes these three phases.

The first area of intervention was the development of an automatic workflow for virtual
anatomical reconstruction, named eSSM (enhanced Statistical Shape Model) [25], based on
Statistical Shape Analysis, which is able to restore highly defective anatomies with no effort, with a
great advantage in terms of time; followed the implementation of a series of CAD algorithms for
implant design automation and Gyroid lattice infill creation.

3.1 e-SSM

In most oncological cases the target anatomy might be severely damaged and deformed by the
pathology. Since the primary function of a pelvic implant is the limb functionality restoration, in
most cases the implant doesn’t reproduce the exact original anatomy; conversely, the acetabular
region receives more importance to ensure satisfaction of functional requirements. An example is
provided by Figure 4, where the pelvic implant only restores the acetabulum, while the original
anatomy has been neglected.
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Figure 3: Three steps for custom implant design.

Figure 4: Pelvic implant where the original anatomy is neglected, and only the acetabulum has
been restored.

In case of large bone defects, in particular when the articular Center Of Rotation (COR) is no longer
in its natural location, the very first operation is to retrieve the right acetabular center and
orientation in order to guarantee ad adequate leg length and limb kinematics. The acetabular COR
and orientation are defined as the coordinates of the center or rotation of the hip joint, and the
orientation of the plane through the acetabular rim, as depicted in Figure 5.
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Figure 5: Acetabular COR and orientation.

Typically, the COR and acetabular orientation are calculated by expert users by mirroring the
healthy COR, whenever possible, though is a time-consuming and error-prone operation. Moreover,
in case of large bone defects, like the one in Figure 6, the anatomical model must be manipulated
and corrected to obtain a reference geometry for implant design.

Figure 6: Hemipelvis with large bone deficiencies and deformed COR.

With the objective of implant design automation, an automatic tool for anatomical reconstruction
have been developed, based on Statistical Shape Analysis. Statistical Shape Analysis (SSA)
[11,8,9,16] is an established method widely employed to provide a quantitative description of the
geometrical characteristics of a specific family of shapes. When applied to the study of anatomical
shapes, SSA allows to synthetize and analyze the information provided by a training set composed
by an adequate number of healthy samples of the region of interest (ROI). In its classical
formulation, SSA works on a set of training samples provided as discrete models (usually, Point
Distribution Models - PDM [16]): the training dataset is then defined as the list of the spatial
coordinates of each point of the samples. By assuming all the training samples to be in
correspondence (i.e., analogous points are reported in the same positions), SSA exploits powerful
mathematical tools, such as multivariate statistical analysis, to interpret and synthesize the
information delivered by the training dataset about the possible shape variations from a mean
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shape. SSA results in a generative parametric model, usually referred to as Statistical Shape Model
(SSM), able to describe the family of shapes under consideration and to “summarize” them under a
parametric model.

Indeed, the design of patient-specific devices would be made easier by an access to a collection
of statistical information of geometrical descriptors and landmarks of the ROI that goes beyond the
mere surface data. Such database would increase the efficiency of the design process by providing
easy-to-access information on various geometric characteristics, improving the typical approach
which only exploits sur-face information.

In the application scenario considered, the pelvis, the use of an enhanced SSM (eSSM) would
be beneficial whenever the anatomical structure of the acetabulum is severely damaged, and an
implant is required. In such cases, the first step is typically the retrieval of the missing geometry
and the computation of the natural articular Center Of Rotation (COR) to restore the limb
functionality. While the first operation can be affectively carried out automatically by a typical SSA
(which calculates the missing geometry according to the highest probability), manual operations
are required to retrieve the COR [12]. When the contralateral acetabulum is healthy the most
common approach is to mirror its COR, though such method fails when an implant or a bi-lateral
defect is present; in addition, the mirroring approach is an important approximation, since the
symmetry in human anatomy is only an abstraction and a perfectly symmetric anatomy does not
actually exist. The use of an eSSM makes this step automatic, by building an SSM that
encompasses the positions of the CORs as learned from the dataset.

The information enclosed within the eSSM presented in the following, are namely the articular
centers of rotation and the acetabular orientation.

The developed eSSM has been tested over severely damaged anatomies not belonging to the
training set and delivered consistent results with a good approximation.
A representative example is depicted in Figure 7.

TARGET
Prior knowledge of
the solution

Test case
Py o 4

Reconstructed model

MESH DEVIATION
fitting error

lul = 1.50 mm

o= 1.09mm

Figure 7: eSSM applied to reconstruct a highly defective pelvis.
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In the presented example a highly defective pelvis was considered. The eSSM managed to
automatically reconstruct a coherent shape with and average error of 1.5mm, which is adequate
for the application, along with the acetabular COR and orientation. The reconstruction accuracy can
be further improved by increasing the training set number, which to date is composed of 50 pelvic
models.

The repaired mesh and the acetabular COR and orientation will be used as inputs for the next
phase of implant design; in particular, the polygonal mesh will be used to define the coarse
implant’s external shape, while the acetabular coordinates will drive the design of the acetabular
cup.

3.2 CAD Automation

The CAD workflow, implemented in nTopology® [46] is designed to require few inputs and allows
for a high design flexibility, in order to cover a broad range of cases. To better understand the type
of device that is considered in this study, as well as, the clinical inputs required for its design, the
reader can refer to Figure 8. With the support of experienced physicians from Careggi hospital, the
three most common types of pelvic implant have been identified, represented in Figure 9.

implant.

Figure 9: (a) Hemipelvic implant, (b) acetabular implant, c) acetabular implant with removal of
pelvic ring.

The first example depicted, Figure 9 (a), represents a hemipelvic implant; among the cases
considered, is the most invasive and, due to its typical large dimensions, the lattice infill is not
easily applicable for manufacturing issues, mainly for the non-sintered powder removal. The
second and third cases, Figure 9 (b), Figure 9 (c) can be manufactured with a lattice internal
structure instead.
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For this application, an algorithm has been developed within nTopology which encloses the
repetitive CAD operations required, taking as inputs the polygonal mesh of the target bone, the
resection planes, the acetabular parameters, namely articular Center of Rotation (COR) and
acetabular orientation, a set of points corresponding to the location of the fixation screws and,
whenever required, a set of CAD surfaces to trim undesired portions of the original bone. The user
only has to set the desired values for the design variables, as flange height and thickness,
dimensions of the acetabulum and lattice parameters, and the software delivers a ready-to-
manufacture 3D model of the implant. Figure 10 shows the implemented graphic interface of the
custom function in the nTopology environment.

& Inputs

W Section 1

v va Pelvic Implant  Ir

@ Pelvis mes!
v Trim surfaces.

£ Acetabular plane: Plane from No
{2V Resection planes _list: Plan
N v Curve list_flange points: Cu
0.1 Flange height 2

0.1 Flange thickness: 5

01 Acetabular Cup Inter.. 65

0.1 Acetabular Cup Thic. 5

0.1 Osseointegrative latt.. 3

0.1 Strut gyroid Cell size: 3

0.1 Strut gyroid relative

0.1 Sheet gyroid Cell size:

0.1 Sheet gyroid relative

0.1 Quter shell thickness:

Figure 10: Custom block in nTopology for acetabular implants.

The required external inputs, pointed out in Figure 8, are:
polygonal mesh of the target bone (.STL)

CAD surfaces to remove the undesired regions (.stp)
acetabular planes’ coordinates and normal (.csv)
resection planes’ coordinates (.csv)

screws’ holes coordinates (.csv)

The procedure requires to type the desired values for the following design variables:
flange height
flange thickness
acetabular cup internal diameter
acetabular cup thickness
thickness of the osseointegrative lattice layer
gyroid cell size for osseointegration
gyroid relative density for osseointegration
gyroid cell size for elastic matching at the implant’s core
e gyroid relative density at the implant’s core
In this case, due to the high variability between each case, the screws’ holes are designed
separately with a dedicated custom function, allowing to create as many holes as desired with
different dimensions.
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The workflow enclosed within the custom function implemented in nTopology for the acetabular
implant is resumed in Figure 11. The blue blocks represent the operations, while the yellow ones
stand for the intermediate results. The dotted lines show at which step each input is involved. Each
operation block has been specifically developed and combined to create a robust workflow which
exploits the strengths of nTop’s implicit modelling engine. First, the pelvis polygonal mesh is
converted into implicit representation for further operations; the undesired parts of the pelvis,
bounded by the CAD surfaces (e.g. Figure 8 a), are removed, then the result is merged through a
Boolean union with the acetabular cup. Since in most cases the original anatomy is not restored, in
this framework it is convenient to remove the undesired parts of the pelvis before the process
starts to guarantee a better outcome.

Remove
undesired
parts of the
pelvis

Convert mesh
INPUTS —_— n implicit
representation

Pelvis with
acetabular cup

l

Cut with
resection
planes

Polygonal Mesh= = = . _ _
Trim surfaces

Acetabular Plane Create
acetabular cup

Resection planes

Screw points »
»

Screw vector, '
'

Implant base
shape

l

'
'
'
'
! Graded Gyrod
N lattice infill
'
[
'

Global implant's
shape

'
'
: i
'
.
.
* gu| Create screws’
holes

Figure 11: Acetabular implant workflow.
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4 RESULTS AND DISCUSSION

The robustness and flexibility of algorithms presented have been tested to reproduce 20 case-
studies provided by Careggi Hospital regarding the pelvic region. Due to privacy issues, the original
images of the actual implants can’t be disclosed. The automatic procedure managed to effortlessly
reproduce each of the cases analyzed and proved to be very robust. Some examples are reported
in Figure 12.

The mean processing time for the 20 case-studies was 2+0.15 minutes on a laptop with
GeForce RTX3070 graphic card, AMD Ryzen 9 5900HX processor and 32 Gb RAM. Such result is
impressive if compared to the manual processing time which might take up to several hours,
according to the complexity. The presented algorithms are non-sensitive to the design variables,
and the processing time is only slightly affected by the quality of the original triangular mesh of the
pelvis: the smoother it is, the faster becomes the process.

The designed functions have been stressed by imposing a wide variability of the design
parameters e.g., acetabular dimeter, screw’s hole diameter, flange thickness and height. The
implicit representation of bodies implemented in nTopology is extremely powerful in managing
complex geometries as the gyroid lattice infill and is always able to create fillets between each
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part. Figure 13 shows an example where the hole’s diameter has been changed from 5mm to
10mm and yet the software managed to adapt.

&

Figure 12: Examples of implants designed with the automatic nTopology procedure.

Figure 13: Screw hole.

A further example is depicted in Figure 14, where the diameter of the acetabular cup has been set
respectively to 50mm, 60mm and 70mm.

)

Figure 14: Acetabular cup diameter.
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The inputs required for the procedure have been manually designed in Geomagic Desigh X ®,
which are:

e resection planes (.csv)

e screw point position (.csv)

e screw vectors, oriented as the screws (.csv)

e CAD surfaces to trim the undesired portions of the original bone (.stp)

The inputs required for the procedure have been manually designed in Geomagic Design X ® and
required an average time of 16+4.6 minutes, thus the overall process, from the definition of the
inputs to the creation of a ready-to-print 3D model of pelvic implants through the developed
algorithm is lower than 20 minutes. Besides the efficiency, the presented workflows also delivers
significant advantages in terms of repeatability and product safety, as the human interaction is
limited to the input of design variable values, while the CAD operations remain hidden.
Furthermore, the user-friendly interface of nTopology enables to design high-performance custom
implants with little or no CAD modelling experience, still ensuring a high degree of customization.

To date, the required inputs must be designed into an external software since nTopology, due
to its implicit representation of bodies, doesn’t allow to easily create CAD entities as surfaces,
planes, and points, therefore the presented workflow must be used in conjunction with an external
software. Ideally, the required inputs could be exported from a surgical planning software where
the surgeons autonomously place resection planes, screws, thus empowering clinicians to have full
control over the design and yet retaining the strict design principles enclosed within the automatic
workflow.

The procedure proposed in the present paper empowers a competent CAD user with the ability
of designing a load-bearing implant with few manual operations. The results are valid in terms of
clinical applicability, as confirmed by clinicians of Careggi Florence Hospital. The time required to
apply the entire procedure can be estimated in roughly 20 minutes. The use of nTopology
modelling architecture has allowed to exploit a procedural modelling logic that has streamlined the
entire process and it has permitted the generation and application of complex lattice structures in a
limited time.
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