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ABSTRACT

A streamlined design workflow that facilitates the efficient design and manufacture of patient-
specific scaffolds independently applied by the surgical team has been recognised as a key step
in a holistic approach towards the envisioned routine clinical translation of scaffold-guided bone
regeneration (SGBR). A modular design workflow was developed to semi-automatically fill defect
cavities, ensure patient specificity and ideal surgical scaffold insertion for a given surgical
approach, add fixation points to secure the scaffolds to the host bone and generate scaffold
based on Voronoi, periodic lattice and triply periodic minimal surface pore architectures. The
adopted functional representation modelling technique produces models free from 3D printing
mesh errors. It was applied to a clinical case of a complicated femoral bone defect. All models
were free from mesh errors and the patient-specific fit and unobstructive insertion were validated
via digital inspection and physical investigation by way of 3D printed prototypes. The real-time
responsiveness of the workflow to user input allows the designer to receive real-time feedback
from the surgeon, which is associated with reducing the time to finalise a patient-specific scaffold
design. In summary, an efficient workflow was developed that substantially facilitates routine
clinical implementation of SGBR through its ability to streamline the design of 3D printed scaffolds.
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1. Introduction

Scaffold-guided bone regeneration (SGBR) is considered
an effective treatment strategy for large bone defects as
it has recently been successfully applied clinically for
limb salvage in highly complex cases [1-3]. Such bone
defects originating from trauma, resection of bone
tumours, infections, non-unions and congenital con-
ditions are often unable to heal spontaneously, and
hence are termed critical-sized defects [4, 5], the treat-
ment of which are widely considered a substantial clini-
cal challenge to this day [6]. SGBR is the surgical
implantation of a bioresorbable three-dimensional (3D)
printed scaffold that is matched in shape and size to
the bone defect, in combination with an autologous
bone graft and/or recombinant growth factors [7]. A

scaffold design is characterised by shape, pore size distri-
bution, porosity, pore architecture and their intercon-
nectivity, and its mechanical properties [8, 9]. In clinical
practice, once a patient is presented with a bone
defect the region of interest is imaged using computed
tomography (CT) imaging. Next, a 3D model of the bone
defect is generated using image segmentation, which
involves the operator demarcating bone from soft
tissue and other features such as implants and/or bone
cement. With the consultation of the surgical team, the
design engineer creates a bone scaffold implant which
is 3D printed by ISO 13485 certified manufacturers and
then implanted through surgery [10]. The scaffold
design stage involves the use of geometric modelling
software to create a solid geometry which conforms to
the patient’'s bone defect (also known as making it
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‘patient-specific’) and finally converting it to a scaffold
geometry that can be additively manufactured [1].

The currently applied scaffold design workflow by
Laubach et al. [1] revealed practical design challenges
and unmet needs that hamper routine clinical trans-
lation of the SGBR concept. Beyond patient specificity
there are additional requirements conveyed by the sur-
gical team to ensure a successful surgery. The scaffold
must fill the entire defect cavity while bearing no
obstructions from existing bone to its implantation
from the predetermined surgical approach. Further-
more, the design must accommodate the method of
scaffold fixation to the host bone as decided by the sur-
geons. Moreover, although additive manufacturing (AM)
offers a non-paralleled degree of flexibility in fabricating
complex organic and non-uniform geometries such as
anatomical models, implants and SGBR scaffolds [11-
16], most modern computer aided design (CAD) soft-
ware are severely lacking in the design capability for
such complex shapes. As a result of these challenges
and the three-way communication between the surgical
team, the design engineer, and the manufacturer, the
design stage would involve multiple design revisions
which is both costly and time consuming [17]. Hence,
in practice, the design procedure is ad-hoc and
manual, whose geometric processes and software are
decided on a case-by-case basis, subjective to the skill
and technical expertise of the design engineer.

This study attempts to develop a semi-automatic
SGBR scaffold design workflow to overcome these chal-
lenges which will serve as the primary contribution of
this study. The secondary contribution is the thorough
description of the strategies behind the geometric pro-
cedures used in it in the hope that an interested
reader is able to replicate its functionality.

1.1. Design challenges introduced by the surgical
strategy

Based on the defect location and its nature, the surgical
team will define a specific direction of surgical entry (sur-
gical approach), which is a critical aspect that must be
considered during the scaffold design stage as the
design should facilitate the proper insertion of the
scaffold without any obstructions from existing bone.
This can be a significant challenge with trauma defects.

Figure 1(A) shows the cross-section of a femur that
has healed together after an accident in an irregular
alignment, with a cavity in the lateral direction. Based
on the best possible access for optimal treatment of
the bone defect, the surgeon decided to approach the
defect from the lateral direction. Figure 1(B-C) shows
the common steps of creating a patient-specific

implant to fill the cavity, where the bone geometry is
Boolean subtracted from an envelope geometry
created to overlap with the defected bone (oftentimes
the contralateral bone is used as the envelope), to
derive the implant geometry or in the case of an SGBR
scaffold, the solid scaffold geometry’.

Solid scaffold geometry = Envelope geometry

— Bone geometry (M

However, as this method does not consider the surgical
approach, the scaffold may not be inserted properly
due to the obstruction as illustrated in Figure 1(D). For
complicated clinical cases, manually and digitally sculpt-
ing a shape that can be inserted without hindrance
would incur commercially unrealistic design times. Simi-
larly, if the surgeon has to refine the exterior shape of a
scaffold manually with a scalpel during surgery to
remove obstructing portions, this may not only prolong
the surgery but may also result in significant destruction
of the implant, rendering it unfit for implantation.

Depending on the defect location, size and shape, the
surgical team decides the method of scaffold fixation,
such as the scaffold being screwed to the host bone
through solid flanges, secured around an intramedullary
nail, tied to the host bone using cerclages, or often a
combination of these methods. Geometrically merging
these solid flange shapes to porous scaffold geometries
can be challenging given the current limitations of CAD
software. As the surgical strategy is altered, the locations
of these flanges would change. Hence, if they were
manually created onto a scaffold design, the entire
process would have to be repeated.

1.2. Limitations of design software for additive
manufacturing

For the one-time manufacturing of patient-specific
implants which are manufactured on a per-patient basis,
AM is highly attractive compared to conventional
methods of manufacturing which are more suited for
mass production. The common procedure for 3D printing
involves the designed model being imported into AM soft-
ware (slicing software) as a triangulated surface mesh in
Stereolithography (STL) or similar file format, where it is
sliced into layers as 3D printing is carried out layer-by-
layer. For successful slicing of the model the surface
mesh should be free of degenerate or self-intersecting
faces, watertight and manifold [18]. These criteria when
unsatisfied are commonly known as ‘mesh errors’ which
effectively prevents 3D printing. Current CAD software
has various limitations and restrictions which renders the
design of organic and non-uniform geometry such as
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Figure 1. Obstruction to insertion of a patient-specific implant.

patient-specific implants extremely challenging, especially
if they are intended to be additively manufactured [19].

Historically, CAD platforms adopted boundary rep-
resentation (B-rep) for geometric modelling and hence,
most of them are still powered by the same [20]. The
B-rep modelling represents design models by differen-
tiating its boundary or ‘skin’ which separates model
and non-model [21]. Non-uniform rational B-spline
(NURBS) modelling and polygonal surface mesh-based
modelling, predominantly used by modern CAD plat-
forms are both classed under B-rep modelling. Prior to
slicing of a designed model, a NURBS model would be
converted into a polygonal surface mesh. Both
methods which were adopted and developed prior to
the global recognition of 3D printing as a versatile
method of manufacturing, have significant shortcom-
ings when used for the design of 3D printable organic
shapes.

B-rep modelling requires a large number of polygonal
or NURBS faces to represent the boundary of complex
geometry, which leads to large file sizes and make
simple design processes computationally expensive
[22]. Constructive solid geometry (CSG) operations
such as Boolean union, difference, and intersection,
which are fundamental for creating patient-specific
bone scaffolds become computationally expensive [23]
and would often fail to produce an error-free mesh
[19]. This non-robust nature of CSG operations requires
the design engineer to tinker with the surface mesh to
achieve error-free meshes, and when that is unlikely,
manually manipulate the triangles of the mesh using
software tools to ‘repair’ a mesh [19], a step which
later became popular within the AM pipeline as ‘mesh
repairing’. Perhaps the most unattractive outcome of
the above limitations is the inability to automate the cre-
ation of complex geometries through a single seamless
workflow.

Furthermore, given the different capabilities of geo-
metric modelling software such as Meshmixer (Auto-
desk, Inc. California, United States), Geomagic (3D
Systems, North Carolina, United States), Netfabb (Auto-
desk, Inc. California, United States), nTopology
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(nTopology Inc, New York, USA) and MeshLab [24]
(open-source), and the lack of a standard protocol,
often the design engineer has to transfer models
between several software to achieve a single outcome
[19]. The result of these restrictions is the highly
manual geometric modelling processes the design
engineer will need to endure, along with any repetitions
of the entire process as surgical strategies are known for
their frequent changes.

Within the community of SGBR, many pore architec-
tures are explored, and their properties studied actively.
They include the Voronoi tessellation [15, 25-30], unit
cell based periodic lattice patterns such as simple
cubic, body centred cubic, face centred cubic [31-33],
and triply periodic minimal surface (TPMS)-based archi-
tectures (e.g. Gyroid, Neovius, Schwarz) [34-38] which
are complicated geometries which would require many
facets to be represented in any B-rep format [22]. The
conversion of patient-specific solid scaffold geometries
into such complicated porous architectures while ensur-
ing that the output model is 3D printable, is a significant
design challenge.

1.3. Novel ‘bottom-up’ SGBR scaffold design
workflow

Charbonnier et al. [19] identifies the disadvantages of
the traditional ‘top-down’ strategy of combining exist-
ing AM and CAD technologies to create a clinically rel-
evant ‘makeshift’ scaffold solution, and then
assertively emphasise the need for a ‘bottom-up’
scaffold design strategy where the clinical require-
ments drive the development of a dedicated AM
and CAD technology targeting SGBR. Hence, the
need for a novel bottom-up scaffold design
workflow that is tailored for the clinical application
of SGBR is evident for its successful clinical translation.
To the best of authors’ knowledge, it is evident
through available literature on scaffold design
workflows [39-45] that there is no clear consensus
within the SGBR community on a standard design pro-
cedure for patient-specific SGBR scaffolds that can
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address the above-mentioned concerns. Furthermore,
the technical details of the scaffold design processes
expressed in literature is scarce [46]. Although
several workflows have been reported for the design
of 3D printable anatomical models and patient-
specific fixation plates [47], the porous nature of a
scaffold significantly complicates the design chal-
lenge, and hence make the adoption of these
workflows difficult for SGBR. Likewise, some
workflows are reported for Craniomaxillofacial recon-
structions [48] but given the anatomical differences
the adoption of these to other bone defects can be
challenging. The FDA-approved Mimics Medical and
3-matic (Materialise NV, Leuven, Belgium) is a com-
mercial software platform that is popular for patient-
specific implant design, but many academic and
research groups, and small-scale clinical settings find
its access economically challenging as well as being
too complicated to be used by a surgical team
without the comprehensive support of highly special-
ised design engineers [19, 49-511].

The ideal bottom-up workflow envisioned would
involve a simple graphical interface which would
allow surgeons themselves to input the patient’s CT
data and the planned surgical strategy, select a few
desirable scaffold properties and generate a 3D printa-
ble scaffold design, thus eliminating the need for
specialised design engineers who would be required
to operate complicated software. As the first step
towards such a vision, we present here a modular
patient-specific 3D  printable®  scaffold  design
workflow along with its geometric strategies. A proto-
type of the workflow is implemented in a parametric
and generative design platform, namely Rhinoceros
3D and Grasshopper (R&G) software (Robert McNeel
& Associates, Washington, USA), within the context of
a complex post-traumatic femoral bone defect, fol-
lowed by its experimental validation by way of AM.
The target user of the current workflow is a design
engineer who is guided by the instructions of the
surgeon. Considering the scarcity of technical details
in literature related to scaffold design workflows [46],
the said strategies are extensively discussed in Appen-
dix 2 in a generalised software-agnostic manner, in the
hope that it will allow an interested reader to replicate
the methods, even within a suitable software environ-
ment other than R&G.

2. Method: development of the design
workflow

A modular design workflow was implemented in R&G
to design SGBR scaffolds based on parametric and

generative design principles. Rhinoceros 3D is by
itself a CAD software best described as a free-form
modelling tool. Grasshopper is a companion software
developed by the same developers, which enables
the creation of parametric and generative design
workflows using a graphical programming interface.
Generative and parametric design is a design
approach based on algorithmic or rule-based design
procedure [52] where it creates a strict ‘recipe’ for a
design rather than a design itself. As opposed to
manual design methods such as free form modelling
or sculpting, generative and parametric design
grants a non-destructive workflow as well as repeat-
ability and objectivity. R&G, coupled with a few 3rd
party Grasshopper plugins offer an excellent suite of
tools to manipulate B-reps at their most fundamental
level such as vertices, edges, faces, points, lines, sur-
faces, planes and vectors. Furthermore, R&G has an
inherent modular nature which is highly attractive
for a workflow that needs to adapt to a multitude of
clinical cases and also to different surgical strategies
which can frequently change during surgical planning
discussions.

A flowchart of the developed workflow is seen in
Figure 2. The primary input to the workflow is the 3D
bone defect model created using image segmentation
of patient’s CT data and the primary output is the 3D
printable surface mesh of the patient-specific scaffold
design exported in STL or similar file format, which can
be sent to the manufacturer without requiring any
post-processing. The first step is to import the created
bone defect geometry in the form of a triangular
surface mesh. The modules which belong to the
section ‘Scaffold Geometry Creation’ in Figure 2 help
to create a solid geometry of the scaffold which
satisfies all the above-mentioned requirements and is
then converted into a porous scaffold geometry using
the ‘Porous Architectures’ modules. Finally, the porous
scaffold geometry is evaluated for its porosity, pore
size distribution, presence of 3D printability inhibiting
mesh errors and virtual patient-specific fit using the
‘Scaffold Evaluation’” modules. A real-time demon-
stration video of the complete workflow can be found
in Appendix 1.

To overcome the limitations of B-rep modelling with
respect to 3D printability, a dedicated plugin for Grass-
hopper was developed in-house which enabled Func-
tional representation (F-rep) modelling; an alternative
technique to B-rep modelling. the F-rep modelling tech-
nique, the in-house developed plugin, and the develo-
pement of the modules of the workflow are discussed
in the next sections, and then are applied to a
complex femoral shaft defect.
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Figure 2. Flow chart of the scaffold design workflow.

2.1. Functional representation modelling for
additive manufacturable designs

Functional representation (F-rep) is an alternative model-
ling technique to B-rep modelling [22, 53] where a solid
object is defined by an implicit function f such that
f(x) < 0; for all x where x is any point inside the solid
object or on its boundary [54]. The implicit function is
also called a ‘level set function’ and it describes the
surface level of the solid geometry where f(x) = 0. F-rep
results in much smaller file sizes when compared with
B-rep files for complex organic and lattice geometries.
Boolean operations are straightforward and robust with
F-reps and consume much less computational overhead
[55, 56]. Furthermore, F-rep models can be safely con-
verted into triangular surface meshes that are compatible
with current AM pipelines without requiring any mesh
repairing or post processing [55, 57-59]. Owing to the
robust and efficient Boolean operations of implicit mod-
elling and compatibility with AM pipelines, design
workflows can be successfully automated. Despite the
advantages, most current CAD platforms originally
powered by B-rep modelling do not inherently support
F-rep modelling [20], including Rhinoceros 3D. A few
noteworthy modern platforms are making great strides
in migrating implicit geometry into the CAD and AM
spaces such as nTopology and Hyperganic (Hyperganic
Group, Munich, Germany). However, considering the
broader vision of developing a dedicated ‘bottom-up’
scaffold design platform and R&G's ecosystem of
plugins, availability of an extensive API (application pro-
gramming interface), accessibility, R&G enhanced by an
in-house developed plugin was chosen as a versatile
testbed to prototype the algorithms of the workflow.
OpenVDB is a hierarchical data structure and suite of
tools for the efficient representation and manipulation
of sparse, time-varying volumetric data discretised on a
3D grid [58]. It is an actively maintained open-sourced
code developed in the C++ language. It can represent
narrow band level sets (F-reps) efficiently and provides
a large set of tools including constructive solid geometry
(CSG) operations such as real-time robust Boolean
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operations as well as offering methods to convert level
sets to polygonal surface meshes and vice versa. There-
fore, OpenVDB provides a versatile suite of tools that
could aid the development of a design workflow for
SGBR scaffolds that is robust and semi-automated.
OpenVDB is adopted in the 3D animation software
Houdini (Side Effects Software Inc, Toronto, Canada) and
the open-source software Blender (Blender Foundation).

2.2. Development of the F-rep modelling
Grasshopper plugin based on OpenVDB

As R&G does not natively support F-rep modelling, third
party plugins are available, some of which are experimental,
developed by interested users that enable the processing of
F-reps. A notable plugin named Dendro [60], built using
OpenVDB, enabled robust Boolean operations within
R&G. For the purposes of the workflow presented here,
Dendro posed a few limitations. To overcome these, a dedi-
cated Grasshopper plugin was developed in-house that
used OpenVDB at its core. Grasshopper plugins are devel-
oped in C# language whereas OpenVDB is in C++ language.
The P/Invoke method was used to build a C# wrapper APl to
the relevant OpenVDB functions, following the excellent
example created by Fuiger [61]. The architecture of the
developed plugin is illustrated in Figure 3.

The in-house developed plugin can convert poly-
gonal meshes within R&G into narrow-band level sets
and vice versa. During mesh to level set conversion, a
unitless parameter named the ‘voxel size’, the size of a
single isotropic voxel within the discretised grid, controls
the size of the smallest voxel in ‘world units’ and thereby
control the resolution of the mesh. World units in the
context of R&G is the unit used by the particular coordi-
nate system, which for SGBR scaffold workflows, is
usually in millimetres (mm). The smaller the voxel size,
the greater the level of details of the mesh captured.
The plugin can then utilise the CSG operations within
OpenVDB such as Boolean operations, and various
smoothing operations of level sets. The output surface
meshes are watertight, free of self-intersecting and
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Figure 3. Architecture of the in-house developed F-rep modelling Grasshopper plugin.

degenerate faces, manifold and would be composed of
quads and triangles. The parameter ‘adaptivity’ controls
the degree of adaptive meshing in the output surface
mesh. Increasing the adaptivity value would use larger
triangles to approximate regions with low local curva-
ture, thus significantly reducing the face count of the
final output surface mesh whereas a zero adaptivity
value would output an all-quad mesh which are of
equal size, but with a large face count. If and when
required by file export or other procedures, the conver-
sion of quads of a surface mesh into triangles is a trivial
operation well supported by R&G where a single quad is
split into two triangles.

Powered by the developed plugin, R&G presents an
environment that is highly conducive for the develop-
ment of a patient-specific SGBR scaffold designing
workflow that is modular, parametric, generative and
therefore, repeatable, objective, and robust while assur-
ing that its resulting designs are readily 3D printable.
Thus, most of its processes are automated except for
the ones which govern the design through user-input
such as the decisions made by the surgeon.

2.3. Modular scaffold design workflow setup in R&G

Modules and their algorithms were developed to over-
come each challenge discussed above which when com-
bined formed an end-to-end seamless SGBR scaffold
design workflow that is seen in Figure 2. Algorithms
were developed for the functions of each module, and
their code was built by connecting the multitude of code
blocks (called Grasshopper components) available via
Grasshopper, its 3rd party plugins, and the in-house devel-
oped F-rep modelling plugin (Figure 3). Where the

Grasshopper components lacked in functionality, custom
C# blocks were written in the ‘C# Script’ component. A col-
lection of components that performed a specific sub-level
function in the algorithm were wrapped into Grasshopper
clusters, which converts it into a single component with its
own inputs and outputs. The setup of the entire workflow
on the Grasshopper canvas is shown in Figure 4(A) which is
assembled for the complex femoral shaft defect discussed
in the next section.

As an exemplar to visualise the hierarchy of modules,
clusters and ground-level Grasshopper components and
the nature of their connection to one another to perform
the functions required by the modules, the ‘Voronoi
Scaffold Architecture’ module is shown in Figure 4(B)
and an exploded view of its cluster responsible for creat-
ing a Voronoi wireframe is shown in Figure 4(C). Then, an
exploded view of an internal cluster within the Voronoi
wireframe cluster that is responsible for extracting a
clean network of line segments (wireframe) from 3D
Voronoi cells is shown in Figure 4(D) which shows its
Grasshopper components, out of which a selected few
are displayed in Figure 4(E) for clarity. Likewise, the
entire workflow is built using a network of Grasshopper
components, organised into clusters, whose collective
code executes the algorithms of the workflow, ulti-
mately forming a cohesive software inside R&G.

The developed modules and their functions are tabu-
lated in Table 1. The underlying geometric strategies of
the modules which serves as the secondary contribution
of this work are discussed and visualised in Appendix 2,
in a software-agnostic manner in the hope that an inter-
ested reader is able to replicate similar functionalities on
their own, even on suitable software platforms other
than R&G such as Houdini (using procedural nodes
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Table 1. The modules and their functions.

Group Module Function Appendix
Import Defect mesh import Import the bone defect surface mesh Al
ROl isolation Create the ROl mesh which isolates the region of interest from the imported bone defect ~ A.1.1

mesh

Scaffold Geometry
Creation

Defect cavity fill

Guided fill
Surgical approach

Creates an envelope geometry by filling the cavities via intersecting planes and convex-hulls  A.2.1

Manipulate the cavity fill via user-created guide curves A2.1
Create a solid scaffold geometry which can be inserted without any obstructions by Boolean A.2.2

subtracting a projected mesh (created by projecting rays from the front to the back and
scanning for ray-mesh collisions) from the cavity-filled geometry

Fixation flanges

Boolean unions the flange geometries to the solid scaffold geometry and create a plane to  A.2.3

demarcate the flanges from the scaffold body that is to be made porous

Porous Architectures  Voronoi
geometry
Periodic lattice

Converts the solid scaffold geometry into a Voronoi tessellation based porous scaffold A3.1

Converts the solid scaffold geometry into a periodic lattice (e.g. simple cubic, body centred A.3.2

cubic, face centred cubic) based porous scaffold geometry

TPMS Converts the solid scaffold geometry into a TPMS (e.g. Gyroid, Neovius, Schwarz) based A3.3

porous scaffold geometry
Scaffold Evaluation  Porosity calculation Calculates the porosity of the scaffold design A4
Pore size distribution Calculates the distribution of pore diameters A4.2

Virtual scaffold insertion
bone defect
3D printability check

Virtually examines cross-sections of the model during the insertion of the scaffolds into the A.4.3

Checks the output surface mesh for mesh errors (self-intersected faces, degenerated faces, A.4.4

manifold edges and if the mesh is closed)

Export Export surface mesh

them out of R&G

Converts the level sets into triangular surface meshes (either adaptive or not) and exports ~ A.5

and networks), Blender (via geometry nodes), nTopology
(through recipes) or 3-matic (with scripting).

2.4. Evaluation of the design workflow via a
clinical case study

The above-described design workflow was applied to a
multi-fragmentary fracture of the right femur of a
trauma victim after a blast injury where it had healed in
a misaligned position, resulting in two pronounced

Figure 5. Femoral bone defect (A) AP view X-ray of the defect
(adapted from Laubach et al. [1]) (B) 3D model of the defect fol-
lowing segmentation.

bone defects that compromised biomechanical stability
and therefore required surgical reconstruction (Human
Ethics Exemption Number 202100018143). The surgical
team decided that further bone resection was to be
avoided and requested bioresorbable patient-specific
SGBR scaffolds to fit the complex defect shape. Anon-
ymised CT scan images of the patient’s femur were seg-
mented, and a 3D model of the defect was created
(Figure 5).

Two solid scaffold geometries were designed for the
chosen surgical approach using the workflow setup
seen in Figure 4. The clearance value used for all the
models was —0.1 mm (Appendix A.2.3). These were
then evaluated for patient-specific fit and unobstructive
insertion by virtually examining three cross sections.

Next, the two solid scaffold geometries were trans-
formed into two Voronoi tessellations, two periodic
lattice architectures (simple cubic - SC and body centred
cubic - BCC) and two TPMS architectures (Gyroid and
Schwarz P). Following their generation, the evaluation
module was used to measure their porosity and their distri-
bution of pore diameters. The output scaffold meshes were
checked for 3D printability in terms of mesh errors via the
workflow as well as using a commercial 3D printing slicing
software named Simplify3D (Simplify3D, Ohio, USA).

Later, prototypes of the defect models and their
respective solid and porous scaffold geometries were
3D printed in polylactic acid (PLA) to experimentally vali-
date insertion and fit. The 3D printing was carried out
using a Flashforge Dreamer (Zhejiang Flashforge 3D
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Table 2. Scaffold statistics, porosity and average pore size of the generated scaffolds.

Scaffold Statistics Scaffold — Voronoi

Scaffold — Periodic Scaffold - TPMS

Vor1_A Vor1_B Vor2_A Vor2_B

SC_A SC_B BCC_A BCC_B Gyroid_A Gyroid_B SchwarzP_A SchwarzP_B

Strut/surface thickness (mm) 2.0 2.0 1.0 1.0
Seed points (random) 600 600 2000 2000
Seed points (mesh) 600 600 600 600
Total seed points (random + mesh) 1200 1200 2600 2600
Seed number 0 0 1 1
Unit cell - - - -
Unit cell size (mm) - - - -
Average effective pore diameter (mm)  3.00 2.89 3.74 3.51
Porosity (%) 59.76  58.71 84.19 8285

1.2 1.2 1.2 1.2 1.0 1.0 1.0 1.0
SC SC BCC  BCC  Gyroid Gyroid  Schwarz P Schwarz P
6 6 8 8 8 8 7 7
450 440 544 5.36 4.59 4.52 4.59 4.28
84.62 842 833 82.6 58.51 57.67 64.33 63.75

Technology Co., Ltd, Zhejiang Province, China) using a
layer height of 0.18 mm, nozzle diameter of 0.4 mm,
print speed of 30 mm/s, nozzle temperature of 205°C,
build temperature of 60°C and with support where
necessary for all models.

Finally, the average computation times of individual
geometric operations were recorded to evaluate the
workflow’s computational speed and responsiveness to
user-input. The input mesh and ROl mesh statistics
were also recorded for comparison. The hardware of
the computer used was an Intel Core i7-9700 CPU at
3.00 GHz with 16.0GB of RAM, with an Intel UHD
Graphics 630 integrated graphics adapter and running
64-bit Windows 10.

3. Results: evaluation of the workflow

Figure 6 illustrates the workflow being applied to the
femoral bone defect along with the respective inputs
and outputs of each module. The application of the geo-
metric strategies of each module shown in Figure 6 are
discussed in Appendix 2 in context of the femoral defect.

The specification of the 12 scaffolds is in Table 2 with
their reported porosities and average effective pore

diameters. Figure 7 displays the created 12 porous
scaffold surface meshes.

3.1. 3D print feasibility of the output meshes

The output meshes of the generated solid scaffold geo-
metries and the porous scaffold geometries were ana-
lysed for 3D print feasibility by checking for 3D
printing mesh errors that would hinder the slicing and
GCode generation process of 3D printing; specifically,
for the presence of non-manifold edges, self-intersecting
faces, degenerate triangles, and duplicated faces using
both Rhinoceros 3D internal tools and the mesh diag-
nostic tools offered by Simplify3D. The results are tabu-
lated in Table 3 along with other mesh statistics such as
the number of triangles and edge lengths.

All output meshes passed the mesh checks from both
diagnostic tools and Simplify3D was able to successfully
slice the models and generate its GCode without requir-
ing any post processing. A target minimum edge length
tolerance is implemented in the Export Surface Mesh
module and as a result, the minimum edge lengths of
all meshes are above 0.001 mm or slightly below it
(0.0008 mm for SchwarzP_A scaffold). The average

Figure 7. Generated porous scaffold geometries. (A, B) Voronoi tessellation (the inset figure shows the surface mesh). (C) Simple cubic.
(D) Body centred cubic. (E) Gyroid. (F) Schwarz P.



Table 3. Evaluation of the output meshes of the solid and porous scaffold geometries.

Scaffold — TPMS

Scaffold — Periodic

Scaffold — Voronoi

Vor1_B

Solid

SchwarzP_B
3340974
0.0010
2.3429
0.2009

SchwarzP_A
4302160

Gyroid_B

Gyroid_A

BCC_B
2610656

BCC_A
2605634
0.0010
2.3197
0.1945

SC_B
2151274
0.0010
2.3432
0.2075

2315320
0.0010
2.3197

SC_A
0.2034

Vor2_B
2979760
0.0010
2.3432
0.1902

Vor2_A
2895906

1953416

Vor1_A
2879768
0.0010
23197
0.1935

B
129278
0.0019
23753
0.5386

3901266

3277250

107206
0.0013
2.3654
0.5677

Number of triangles

Output
Mesh

0.0008

2.0299

0.1829
Pass

0.0010
2.3429
0.1963

0.0010

23195

0.2165
Pass

0.0010

2.3432

0.1930
Pass

0.0010

2.3197

0.1911
Pass

0.0010

23432

0.2277
Pass

Minimum edge length (mm)

Maximum edge length (mm)

Average edge length (mm)
No non-manifold edges

Statistics

Pass

Pass

Pass Pass Pass

Pass

Pass Pass

Pass

Mesh

Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass

Pass

Pass

No self-intersecting faces

No naked edges

Check

Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass

Pass

Pass

Rhino 3D

Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass

Pass

Pass

No duplicated faces

Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass

Pass

Pass

No degenerate faces

Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass

Pass

Pass

No non-manifold edges

Mesh

Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass

No self-intersecting faces
No duplicated faces

Check

Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass

Pass

Pass

Simplify3D

Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass Pass

Pass

Pass

No degenerate faces
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edge length depends on the voxel size of the level set
grid, which was set to 0.2 during its generation. It can
be seen in Figure 7(A) that the output meshes generated
by OpenVDB can be made to be adaptive on demand,
that is, the polygons would vary in size depending on
the local iso-surface curvature it is trying to approximate,
which reduced the number of polygons considerably,
thus reducing its file size.

3.2. Patient-specific fit and unobstructive
insertion

The solid scaffold geometries (prior to creating the
porous architectures) were digitally inspected for their
patient-specific fit as well as unobstructive insertion via
a visual inspection of three random cross-sections. The
femoral bone defect and the insertion of its solid
scaffold geometries can be seen in Figure 8(A). The
blue and green line segments represent the surgical
approach for the blue and green solid scaffold geome-
tries respectively. Three instances of the insertion
process are shown in Figure 8(A), ending in a perfect
patient-specific fit. It is apparent that the two solid geo-
metries can be inserted without any obstruction arising
from the complex bone morphology while filling as
much of the cavity as possible from the planned surgical
approach.

Next all designed models were 3D printed and they can
be seen in Figure 8(B) which shows that all solid and
porous scaffold geometries generated using the
workflow shows perfect fit and an unobstructive insertion.

Figure 8(B.10) shows the inside faces of the two solid
scaffold geometries, and it can be observed that although
the user-set splitting plane (Appendix A.2.2) splits the
solid scaffold geometries into two halves (green and
blue), by design, regions of one part would still extend
itself beyond the splitting plane if the other half could
not fill that particular region as per the set surgical
approach. This can be clearly observed in Figure 8(B.10)
by the criss-crossing extensions of the two solid scaffold
geometries. The module is devised in this way through
a series of Boolean operations using the F-rep modelling
plugin within the solid scaffold geometry generation
process and it ensures that it fills as much void regions
as possible as allowed by the user-set surgical approach.

3.3. Average computation times to measure
responsiveness to user-input

The workflow was then evaluated for average compu-
tation times taken by each major operation to evaluate
the time taken by the workflow to respond to a
change in user-input (the processing time for each
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Figure 8. Patient-specific fit and unobstructive insertion of the output scaffold designs were validated by first digitally inserting the
solid scaffold geometries into the defect cavity within R&G (A), and subsequently, by 3D printing prototypes in PLA and physically

inserting them (B).

operation). It is important to distinguish that the
workflow’s ‘computation time’ is not a measure of
‘design time’ for a scaffold design. A design engineer
using the workflow would perform many individual geo-
metric operations to arrive at the final design based on

their own and the surgeon’s judgement. Hence, in
addition to the time spent by the computer in proces-
sing each operation, design time would include the
time spent on assembling the modules as required for
each clinical case depending on the number of
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Figure 9. Average computation times (s) for major operations of the workflow calculated for each of the voxel sizes of 0.2, 0.3 and 0.4.

scaffolds required and the number of regions of interest,
and the initial assignment and continuous adjustment of
user-input in fine-tuning the design. The computation
times of independent operations were measured and
reported to gauge the responsiveness of the workflow
to user-input, as real-time computations would allow a
surgeon to be present either physically or virtually
during the design process and provide real-time feed-
back. For an indicative timeframe, the design process
for the femur clinical case was completed in less than
an hour, which can be seen in the demonstration
video showing the entire workflow in Appendix 1.

Computation times were measured for the femoral
bone defect case for three different voxel sizes, 0.2, 0.3
and 0.4, which can be seen in Figure 9. The voxel size
is a key parameter introduced by OpenVDB, which dic-
tates the size of a single voxel belonging to the
dynamic voxel data structure which stores the implicit
surface [58]. As this value is decreased, greater details
of the input mesh are captured at the cost of higher
computation times (Figure 9).

The computation times of all operations increased non-
linearly as the voxel size decreased. This is due to the non-
linear increase of the face count of the output meshes
once a level set is converted to a surface mesh with
decreasing voxel sizes. As the face count increases, the
number of edges and vertices increase and hence the
number of computations which are performed at their
level too increases. The ‘Generation of ROl mesh from
ROI cylinder’ (Appendix A.1.1) includes the conversion of
the surface meshes of the ROI cylinder and the defect

mesh into OpenVDB level sets, performing a Boolean
intersection between them and converting the result
back into a surface mesh. The imported femoral bone
defect surface mesh had a triangle count of 375012. The
triangle counts of the resultant ROl meshes for each of
the voxel sizes 0.4, 0.3 and 0.2 were 453804, 661742 and
1112160, respectively, where smaller voxel sizes would
retain greater details of the input defect mesh.

‘A single defect cavity fill operation’ (Figure 6.2(a-b))
includes the generation of the cavity-fill geometry. The
computation times would increase with the number of
planes set by the design engineer but for the smallest
voxel size which created a highly dense ROI mesh, the
computation time is well below 5. ‘A single guided fill
operation’ (Figure 6.2(c-d)) includes modifying the
convex hull curves using a single user-set curve, which
incurred 0.3s, 0.3s and 0.4 s for the voxel sizes 0.4, 0.3
and 0.2, respectively. This would allow the design engin-
eer to vary the position of several guide curves simul-
taneously and see the result in real-time as the
computation times are well below 0.5 s. ‘A single surgical
approach angle alteration’ (Figure 6.3(a-c)) involves
changing the numerical value of the input angle which
recreates the projected ROl mesh, that would be used
for the Boolean operation to generate the solid
scaffold geometry. As the face count increases with
decreasing voxel size, the computation times increased.
‘A single flange alteration’ (Figure 6.4(a-b)) involves
modifying the line segment on which the flange is
based, flange width, thickness or any of the other
flange inputs, thus recreating the flange geometry. For
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all voxel sizes, this was below 0.5 s and hence the design
engineer can vary the location, shape and orientation of
the flange in real-time until they are satisfied before
moving to the next step. ‘A single solid scaffold geome-
try generation’ involves generating the solid scaffold
geometries from the defect cavity-fill geometry, the pro-
jected ROI mesh, the splitting plane (if there are two sur-
gical approaches) and the flange geometries. A non-
linear computation time is observed with a decrease in
voxel size. The porous architecture modules, namely,
Voronoi, Periodic lattice and TPMS modules (Figure
6.5) cost a significance computation overhead compared
to the other operations for low voxel sizes. The pores are
computed after the generation of the porous scaffold
geometry, and its computation time can be seen separ-
ately in Figure 9.

Despite the used computer hardware being con-
sidered average at the time as it only had 16 GB RAM
and lacked a dedicated graphics card, most workflow
operations that would require alterations were com-
puted within a few seconds. The operations regarding
flanges, guide curves and cavity fills are the ones that
require continuous amendments as per surgeons’
instructions whereas the surgical approach and the
porous scaffold architecture settings are mostly set
once. As a result, most of the major operations of the
workflow that require further adjustment by the
design engineer can be classified as real-time to near-
real-time operations.

4, Discussion

Patient-specific SGBR has shown promising regenerative
capacity for large bone defects in several clinical case
studies [1-3]. However, to date, there is no clear consen-
sus of a scaffold design workflow that addresses practi-
cal design challenges during the envisioned routine
clinical practice of this interdisciplinary treatment
concept [10]. The scaffold shape should match the
bone defect and should be designed to facilitate
proper surgical insertion into the defect. Furthermore,
the output surface mesh of the designed scaffold
should pass the criteria that should be satisfied by a
surface mesh for it to be technically 3D printable. More-
over, the limitations imposed by B-rep modelling tech-
niques [18, 22] of most modern CAD software are not
suitable to design organic non-uniform geometry such
as patient-specific implants that resemble anatomical
shapes. Most of the design revisions which arise as the
result of feedback from the surgeons are related to the
solid scaffold geometry generation steps. Key decisions
by the team of surgeons such as which bone defect

voids or cavities of the defect should be filled, their
extent of filling, surgical approach, optimal locations
for fixation flanges and their shape and size and the
way in which a single scaffold should be split into mul-
tiple scaffold bodies, affect the solid scaffold geometry.
Hence, an optimal workflow should be fast enough to
have a surgeon either physically or virtually present to
provide real-time feedback while the solid scaffold geo-
metry is generated, as opposed to receiving design feed-
back after each design revision which would have to be
the case if the scaffold geometry computation is slow.
The presented SGBR scaffold design workflow setup
within R&G and the dedicated in-house developed
plugin based on OpenVDB enables the use of a pre-
assembled parametric and generative workflow to
design patient-specific 3D printable bone scaffolds. A
complex femoral bone defect was used as a challenging
case study to validate the workflow.

The defect fill module allows the semi-automatic
filling of any cavity or void of the bone defect, and use
guide curves created between anatomical landmarks
to further modify the cavity filled geometry. The only
user inputs of this step are the number of intersection
planes and the degree of convexity (dictates the
degree of fill), the guide curves and the number of ver-
tices it affects which are optional inputs, and the rest
is automated by the module. If the design engineer
wishes to alter any parameter, the workflow will recreate
the lofted cavity fill geometry reflecting the changes in
real-time as seen by the computation times in Figure
9. As intended, the subjectivity of the design engineer
is limited to the parameter ‘degree of convexity’ and
the ‘number of vertices affected by the guide curves’
which were found to have only a minor effect on the
final geometry. Furthermore, this user-input does not
compromise the repeatability of the procedure as the
input is a numerical value except for the guide curves
which are drawn as instructed by the team of surgeons
(Figure 6). Hence, these curves are fixed parameters
which would result in minor variations between multiple
design engineers. As the computation times of this
module are below 0.5 s for all voxel sizes, it can be con-
sidered almost real-time enabling real-time surgeon
feedback which would drastically reduce design
revisions.

The surgical approach module was able to success-
fully generate scaffold designs which are both patient-
specific and unobstructive to its insertion as seen by
the digital fit and experimental fit by way of 3D printing
(Figure 8). The design engineer is able to adjust the sur-
gical approach angle with real-time feedback from the
surgeon and then generate the solid scaffold geometry
within a few seconds. Following this, the design



engineer is able to use the fixation flanges module to
add fixation flanges at the locations and orientation,
with appropriate dimensions as suggested by the
surgeon, again with real-time feedback.

The porous architecture modules transform a solid
scaffold geometry into a porous one based on the
pore architecture chosen by the design engineer. The
modules are built to ensure that the porous geometry
is geometrically confined to the solid scaffold geometry.
Once the solid scaffold geometry is finalised, the
surgeon need only provide the type of pore architecture,
porosity and average pore diameter required and the
surgeon no longer needs to provide feedback. Sub-
sequently the design engineer discusses with the desig-
nated additive manufacturer for a feasible strut diameter
or surface thickness for the porous scaffold design,
which largely depends on the printing material and
the 3D printer. Then the design engineer is able to use
the porous architecture modules accordingly and
produce an adaptive surface mesh that is free from 3D
printing mesh errors, is patient-specific and can be
inserted without any obstructions. The numerical
inputs and the guide curves and flange curves can be
saved as R&G files which would preserve the entire
tree of parameters that are necessary to replicate the
exact scaffold design, thus making future changes to
the design possible. Given the robustness of the
Boolean operations of F-rep modelling [55, 56], the
developed workflow is semi-automated with minimal
design input except for the input required by the surgi-
cal strategy. An interesting alternative to the TPMS
porous architectures module is the open-source tool ‘A
Simple Lattice Infiller’ (ASLI), an F-rep based functionally
graded lattice generator which can convert a solid geo-
metry into a TPMS based porous geometry [62].

The workflow is built to accept the voxel size as a
numerical input in the very beginning of the workflow
(Figure 6), alongside the file import of the defect mesh.
This is done with the intention that the design engineer
is to use a larger voxel size in the beginning, which
grants design speed via reduced computation times to
establish the workflow modules and their input par-
ameters while continuous adjustments are necessary
as per the real-time feedback provided by the surgeons,
and then once the solid scaffold geometry is generated,
have the workflow automatically recompute with a
smaller voxel size to achieve greater resolution. This
approach grants real-time computation times to adjust
and fine-tune the input parameters to satisfy the
requirements of the surgeons, after which the
workflow can recompute on its own the scaffold geome-
tries with higher resolutions prior to validation by the
team of surgeons and then being sent off to the
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manufacturer. The final value should be chosen by the
design engineer considering the face count and edge
lengths of the input surface mesh of the defect and
the resolution of the 3D printer used by the designated
manufacturer. The level of detail however is limited by
the level of details present in the patient’s CT scan and
resulting input 3D mesh. It was found for the femoral
bone defect, a voxel size of 0.2 was sufficient to
capture all the fine details of the input defect mesh
which can be effectively 3D printed using a material
extrusion-based 3D printer. Moreover, the generation
of adaptive meshes ensure optimised and smaller file
sizes which can be sent off to the manufacturer.

In summary, we have developed a robust design
workflow that allows interdisciplinary teams to create
complex porous geometries of 3D printable scaffolds
in a very short time (<1 hour for the femur case),
which demonstrates the value of this design workflow
not only for surgeons and design engineers, but also
for additive manufacturers, in the sense of large-scale,
routine application.

There are a few limitations to this study. Although the
ideally envisioned user of a SGBR design workflow is the
surgeon, the current prototype stage of the workflow is
missing a graphical user interface (GUI) and still relies on
the user having CAD knowledge. Hence, the target user
of the workflow is a design engineer who is guided by
the instructions of the surgeon. Thus, the workflow is
still at a stage where the user is required have general
proficiency in CAD platforms to be able to effectively
use it; specifically, one who has learnt the basics of
R&G. Furthermore, the workflow must be further vali-
dated with a number of additional complex bone
defects before a definitive conclusion can be made
regarding its accuracy.

5. Conclusion and outlook

The overarching vision of this work is to develop a dedi-
cated SGBR scaffold design software that can be used by
the team of clinicians/surgeons with minimal user-input,
without the need of specialised engineers to handle
complicated software. The work described in this manu-
script is an essential steppingstone towards achieving
this larger vision, which in its current stage is in the
form of a software prototype developed within R&G.
The modular workflow proposed for the design of
SGBR scaffolds which is a timely requirement for the
treatment of complex bone defects has proven success-
ful, as solid and porous scaffold geometries were created
that are patient-specific, can be 3D printed without
additional pre-processing, and can be inserted through
the planned surgical approach without obstructions.
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Prototype implementation of the workflow was demon-
strated on the R&G platform coupled with an inhouse-
developed plugin based on the open-source OpenVDB
library which granted F-rep modelling capabilities. The
workflow is able to run on a general-purpose computer
with all of the operations that require real-time adjust-
ments being computed within a few seconds. This
would allow the design engineer to work together
with the surgeon and generate a patient-specific
scaffold design that is ready to be sent out to the 3D
printing manufacturer.

In the future, the developed workflow is to be vali-
dated with additional clinical cases. Furthermore, a stan-
dalone GUI is expected to be developed in a manner
that allows a surgeon who has minimal experience with
CAD platforms to be able to use it effectively and gener-
ate patient-specific scaffold designs. Moreover, as DICOM
data is stored and later segmented within a voxel space,
the direct translation of the segmented voxels into
OpenVDB compliant VDB files would preserve all details
of the CT images of the defect model as opposed to con-
verting it to a surface mesh and converting it back to a
level set stored in a voxel data structure. Lastly, finite
element analysis is to be implemented to evaluate the
structural response of scaffold designs which allows the
optimisation of them prior to fabrication.

Notes

1. The term ‘solid scaffold geometry’ is used here to refer to
the shape of the scaffold prior to being made porous,
after which it will be referred to as ‘porous scaffold geo-
metry’. See Figure 6 for illustrations of these.

2. 3D printable: within the context of this study refers to a
surface mesh being free from 3D printing mesh errors.

3. The QUT University Human Research Ethics Committee
assessed this research as meeting the conditions for
exemption from HREC review and approval in accord-
ance with Section 5.1.22 of the National Statement on
Ethical Conduct in Human Research (2007)
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Appendices

Appendix 1. Demonstration video of the
complete workflow

A demonstration video of the complete workflow is at https://
doi.org/10.6084/m9.figshare.22656337. The playback speed
has not been increased and is in real-time.
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Figure A1. Steps of the defect cavity fill module.

Appendix 2. Modules of the workflow and
their geometric strategies

The geometric strategies of the modules are explained here with
reference to the complex femoral shaft defect discussed in the
study. The defect cavity can be seen below in Figure A1(A).

A.1. Import defect
A.1.1. Defect mesh import and region of interest (ROI)

isolation module. Once the defect mesh is imported, as the
first step, the design engineer needs to create a standard cylin-
der within Rhinoceros 3D and position it over the region of
interest (ROI) as shown in Figure A1(B), which would be
named ‘ROI cylinder'. The requirement of the cylinder is to
envelope the region of interest and hence the exact position
and size is not important. The module would then isolate the
region of the defect mesh which falls within the cylinder
through the below Boolean intersection operation. The result
is termed ‘ROI defect mesh'.

ROI defect mesh = Bone defect geometry M ROl cylinder (A1)

Isolating a smaller ROl encapsulating the defect in a large bone
model, especially in a model such as a humerus where the
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defect is limited to a smaller region, helps to reduce the com-
putational overhead.

A.2. Solid scaffold geometry creation

A.2.1. Defect cavity fill and guided fill modules. The
next steps of the defect cavity filling process is shown in
Figure A1(B-F). The 2 flat surfaces of the cylinder would be
extracted by the module, and it will create a user set number
of planes (‘NLayers' in Figure A1(C); planes are green coloured)
through the longitudinal axis (red) of the cylinder with their
normal aligned to the same. The ROI defect mesh will be inter-
sected by these planes to obtain the intersect curves (orange)
in Figure A1(D). The next steps are illustrated for a single cross-
sectional plane as seen in Figure A1(E) for more clarity.
Depending on the complexity of the defect, a single plane
may have multiple closed curves (Figure A1(E.l)).

These intersect curves are then exploded into their line
segments and vertices by the module, after which their 2D
convex hull (the shortest convex curve that will enclose all
of the vertices), will be calculated (yellow) as seen in Figure
AT(E.I). Then the convex hull curve is geometrically pulled
towards the ROl defect mesh based on both, the distance
of its vertices to the ROI defect mesh, and the user-input par-
ameter ‘NConvex’ (Figure A1(E.l)). This latter parameter
governs the degree of convexity of the cavity fill and
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Figure A2. Steps in the guided cavity fill module.

basically controls how close fitting the cavity fill should be.
The final cavity filled curve is shown in Figure A1(E.IV)
(yellow). Lastly, the module will loft a surface mesh through
all the yellow cavity filled curves of each plane to obtain
the ‘cavity fill geometry’ (purple in Figure A1(F)). Figure A1l
(G) shows the cavity that was just filled and the lofted
cavity fill geometry respectively.

On occasion, the surgeon might require certain void
regions outside the cavity to be covered by the scaffold. The
workflow supports filling the regions outside the cavity
through user-input curves that will be termed ‘guide curves’
which are provided by the surgical team. The procedure is illus-
trated in Figure A2.

The surgical team requested that the void in the anterior-
lateral direction (seen under the green curve in Figure A2(A))
be covered by the scaffold to enhance the structural stability
of the femur. Hence the scaffold geometry was required to
be extended up to the green curve. The module can assign
such curves drawn within Rhinoceros 3D as user-inputs and
extend the lofted cavity-fill geometry. The loft curves of each
plane are exploded to their vertices and is pulled towards
the guide curve automatically (Figure A2(C-D)) and a new
lofted mesh is constructed using the new curves as seen in
Figure A2(E). Two more curves are drawn as instructed by
the surgeon to increase structural stability (Figure A2(F)) and

the lofted mesh is recreated by the module automatically
(Figure A2(G)). Figure A2(H) shows the lofted geometry (in
purple with reduced opacity) guided by the green curves over-
laid on the malformed femur. This purple geometry, once
Boolean differenced with the bone defect, would ideally be
the region to be filled with regenerated bone, and hence
would be the shape of the solid scaffold geometry which
would later be made porous.

A.2.2. Surgical approach module. The ‘Surgical approach’
module is to overcome the challenge seen in Figure 1 where
the scaffold geometry should have no obstructions to its inser-
tion by existing bone. The module will take a numerical input
which can range from 0° to 360° for the surgical approach. The
mechanism of the ‘Surgical Approach’ module is illustrated in
Figure A3. The roman numerals | and Il in the figure labels
show the cross-sectional and 3 dimensional views for each
step respectively.

The surgical approach is setup around the longitudinal axis
of the ROI cylinder, which is shown by the blue outline, and
revolves on the plane shown by the yellow circle in Figure
A3(A) based on the numerical angle input which can range
from 0° to 360°. Internally, the module will implement 2
planar rectangular surfaces in front (towards the surgical
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Figure A3. Steps of the Surgical approach module. (I) 2D view and (Il) 3D view. (B.ll) rays originating from only a single vertical set of

vertices are shown for clarity.

approach) and back (against the surgical approach) of the ROI
defect mesh depicted by the green and orange planes respect-
ively in Figure A3(B). The 2 planes are subdivided into 2 rec-
tangular grids based on a pre-set resolution which is
automatically chosen by the module. Subsequently, rays orig-
inating from the vertices of the front plane (green) are pro-
jected onto the respective vertices on the back plane
(orange) as seen in Figure A3(B) (in the 3D view in Figure A3
(B.I), rays originating from only a single vertical set of vertices
are shown for clarity). The points where the rays are intersected
by the ROI defect mesh are indicated in dark blue in Figure A3
(C). The module will connect each such intersection point and
create surface mesh which would be termed ‘projected ROI
mesh’ as seen in Figure A3(C) in blue. An apt analogy to
grasp this procedure is the surface created by draping a silky
fabric on top of the ROI defect mesh.

To generate the scaffold geometry in Figure 1, as per
Equation 1 the lofted geometry (purple) was Boolean sub-
tracted from the defect geometry (beige), which resulted

with its obstructions. To overcome this, instead of the
defect geometry (beige), the projected ROl mesh (blue)
seen in Figure A3(C) would be used for the Boolean oper-
ation.

Solid scaffold geometry = Cavity filled geometry
— Projected geometry (A2)

Figure A3(D) shows the 2 geometries used for the Boolean
operation followed by Figure A3(E) which shows its result
which is in light blue. Figure A3(F) shows this newly
created solid scaffold geometry being inserted into the
defect cavity without any hindrance.

It can be seen in Figure A3(E.ll) that the region of the solid
scaffold geometry that would have been an obvious obstruc-
tion from the top protruding bony ridge located towards the
anterior-lateral side of the femur, is effectively removed from
this procedure from the top of the solid scaffold geometry.
In the 2D cross-sectional views (Figure A3(E.l)), the removal
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Figure A4. Steps of the Fixation Flanges module along with their respective numerical inputs.

of obstructions is clear. The underfilling created by this process
cannot be avoided as any more filling would create obstruc-
tions to the insertion of the scaffold. However, the nature of
the procedure further ensures that the underfilling areas are
sealed off by the scaffold, allowing them to be filled with
bone graft. Moreover, the procedure also removes the isolated
islands created in Figure 1(C) automatically. As the numerical
value of the user input angle is varied, the resulting projected
ROI mesh and the resulting solid scaffold geometry would
regenerate accordingly.

If the surgeon wishes to use multiple surgical approaches
(for multiple scaffold bodies), this module can be duplicated.
It is assumed that a single scaffold would be inserted from
each of these surgical directions and hence, a ‘Split Plane’
helper module automatically takes in 2 surgical directions and
create a splitting plane to split the collective solid scaffold geo-
metry into 2 solid geometries that can be inserted from the
respective surgical approaches. A set of numerical user inputs
are setup to control the orientation of the splitting plane if
required. If only a single surgical approach is used with a
single scaffold body, this latter module can simply be ignored.

A.2.3. Fixation flanges module. In clinical practice, bone
scaffolds are securely attached to the host bone using numer-
ous methods such as being screwed to the host bone, press-

fitted into the cavity and securing with suture or cerclages
applied circumferentially to the bone and/or in situ fixation
such as nail or plate, or a combination of these methods. Cur-
rently, the workflow supports the semi-automatic generation
of fixation flanges which would be left solid during the trans-
formation of the solid scaffold geometry into its porous geo-
metry. These fixation flanges would be used to screw the
scaffold onto the host bone to prevent internal dislodgement.
Observing the anatomical location of the defect, its size, the
direction of surgical access and the size of the incision, the
surgeon would decide the optimum fixation locations for
each scaffold. The stages of the module can be seen in
Figure A4.

Once the surgeon decides on the locations for the flanges,
the design engineer has to create a line segment for each
flange within Rhinoceros 3D, and loosely position them over
the scaffold as seen in Figure A4(A). Two flanges are created
for this scaffold geometry and hence two lines are drawn
which are depicted in yellow. Once these lines are referenced
as user inputs for the module, internally it will be projected
onto the mesh (red lines) along the normal of the surface
mesh face closest to it, around which a flange would be gener-
ated automatically by the module on top of the surface of the
scaffold and bone meshes.

As seen in Figure A4(B), when the line is manipulated,
the flange would reposition itself automatically. The width
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Figure A5. Steps of the Scaffold Architectures modules (top: Voronoi, middle: periodic lattices, bottom: triply periodic minimal
surfaces).

of the flange can be altered by numerical user input as Bezier graphs connected to the module as user input,
shown in Figure A4(C). Similarly, the thickness can be which can be seen in Figure A4(D), which allows the
varied. Furthermore, the profiles of the flanges mimic the design engineer to obtain any shape desirable by the
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Figure A6. (A) Porosity and (B) pore size calculation of a random Voronoi sample. (B.) Effective pore diameters chart produced by the
Evaluation module. (B.Il) The individual pores of the Voronoi scaffold designed for the femoral bone defect.

surgeon while assuring that the workflow is parametric and
repeatable. Once, the design engineer is satisfied with the
location, size and shape of the flanges as per the instruc-
tions of the surgeon, it is seamlessly integrated into the
scaffold geometry using a Boolean union operation which
is powered by the F-rep modelling plugin, whose result is
shown in Figure A4(E).

However, prior to making the scaffold geometry porous, the
regions of the flanges which should be solid must be demar-
cated. This is done by the ‘Flange Split’ helper module,
where it will position a rectangular plane through the pro-
jected red line around which the flange is generated. Several
numerical user inputs allow the planar surface to travel along
the projected red line (Figure A4(F)), rotate the surface
around the X-axis and Y-axis (Figure A4(G)) and scale the rec-
tangular surface to completely demarcate the solid regions
of the flanges. The isolated flanges are illustrated in green
and their intersection lines with the rectangular planes are
shown in yellow in Figure A4(H). Once the flanges are isolated,
the blue scaffold geometry is ready to be converted into its
porous scaffold geometry.

Another numerical input is introduced at this stage
known as the ‘Clearance’ which is a numerical value that pro-
duces a negative (shrinks) or positive (dilates) offset to the
level set of the solid scaffold geometry. This is used to
rectify any 3D printing offsets created in the manufacturing
stage as certain 3D printers and print settings could
produce slightly larger or smaller prints. The value can be
found by test printing a primitive shape (a cube) and measur-
ing the dimensional difference between the as-fabricated
and as-designed models.

A.3. Porous architectures

The key feature of any SGBR scaffold is its porous nature and is
characterised by its porous architecture, porosity and pore size
distribution. The workflow has modules to transform the solid
scaffold geometry into the below porous architectures. Figure
A5 illustrates the steps of each module.

e Voronoi tessellation
e Periodic lattice architectures
o Triply periodic minimal surface structures

A.3.1. Voronoi tessellation. The Voronoi tessellation has
gained popularity within the bone tissue engineering

community owing to its close resemblance to trabecular
bone, its seemingly interesting mathematical properties, the
controllability of its randomness, and its ability to be optimised
to produce a wide spectrum of mechanical properties. The
‘Voronoi Module’ allows any geometry to be converted into
a Voronoi porous scaffold whose steps are illustrated in
Figure A5( A-B).

The primary inputs to this module are the scaffold geome-
try, the rectangular surfaces which were generated to demar-
cate the solid flanges and 2 user-set numerical values ‘Strut
Diameter’ and ‘Number of Seed Points’. The strut diameter
is the diameter of the struts of the porous scaffold. This
module would shrink (negative offset) the scaffold geometry
surface by % strut diameter to conform the struts which are
generated on top of the surface to be within the confines
of the scaffold geometry. Furthermore, it will split the
flanges into their own geometries which can be later inte-
grated with the porous geometry through a Boolean union
operation. Finally, it will isolate the intersection curves of
the flanges with the rectangular splitting surface to later
merge it to the lattice.

The solid scaffold geometry which was subjected to a nega-
tive offset is seen in blue in Figure A5(A). The solid flanges can be
seen in green, and the flange intersection curves can be seen in
yellow. In Figure A5(B.I) the bounding box of the scaffold geo-
metry is calculated and can be seen in red, which is then ran-
domly populated with seed points (yellow). The workflow
allows the use of a density-based selection of vertices of the
surface mesh of the solid scaffold geometry as seed points
which can be controlled by a user-inputs ‘number of vertices'’
of the mesh to be used as additional seed points (green).
Using mesh vertices as seed points allows the Voronoi tessella-
tion to better represent thinner regions such as the edges of the
solid scaffold geometry. This would create smaller Voronoi cells
near regions with a high density of seed points which can be
seen in Figure A5(B.I) and Figure A5(B.1II).

Once the seed points are populated, internally the module
will create the Voronoi structure and will output the cells and
its edges as displayed in Figure A58(B.Il). Subsequently, the
Voronoi cells which intersect the scaffold geometry mesh are
filtered to reduce calculation time as seen in Figure A5(B.II).
Then the network of lines is cleaned to remove duplicate
lines, remove line segments shorter than a pre-set tolerance,
and merge vertices within a pre-set tolerance. Finally, a clean
topographical network of lines or a wireframe of the Voronoi
scaffold is generated as seen in Figure A5(B.IV). However,



upon close inspection (inset figure in Figure A5(B.IV)), it can be
noticed near the thinner regions of the scaffold geometry that
the seed points chosen from the mesh vertices have resulted in
a jagged wireframe. To overcome these jagged edges, these
vertices were isolated and grouped based on a ‘density-
based spatial clustering of applications with noise’ (DBSCAN)
algorithm and each group were connected by a single line to
form a ridge between the jagged points. These lines are indi-
cated in red in Figure A5(B.V). This step would result in a com-
plete wireframe around which a level-set can be created to
form a 3D geometry.

Using the F-rep modelling plugin, the wireframe is
converted into 3D struts by creating a narrow band level-
set around the lines with a fixed diameter equal to the
‘Strut Diameter’. This is merged to the solid flanges
through a Boolean union operation, which results in a com-
plete 3D printable porous scaffold geometry as seen in
Figure A5(B.VI).

A.3.2. Periodic lattice structures. Similar to the Voronoi
module, the ‘Periodic Lattice’ module is capable of creating
a wide array of periodic lattice structures. The module
whose steps are displayed in Figure A5(A-C) houses a
library of unit cells seen in literature such as body centred
cubic, face centred cubic, prime cubic, tetrahedral, etc...
Based on the dimensions of the numerical user input ‘Unit
Cell Size’, a grid of 3D cubes is populated throughout the
solid scaffold geometry, which are seen in red in Figure A5
(C.I). To speed up the processing time, the cells which inter-
sect the geometry are filtered out and are seen in green.
Next, the unit cell shown in the bottom of Figure A5(C.II) is
populated within the cell grid and are later trimmed by the
solid scaffold geometry (Figure A5(C.II). The lines which
are exterior to the solid scaffold geometry which were just
trimmed are projected onto its surface mesh to complete
the lattice pattern (Figure A5(C.IV)).

As with the previous module, using the F-rep modelling
plugin the cleaned network of lines is then converted into a
narrow band level-set of 3D struts based on the strut diameter
selected and solid flanges are merged subsequently. The
output surface mesh of the porous scaffold geometry is seen
in Figure A5(C.V), which is ready to be 3D printed without
requiring any further post processing to the mesh. Figure A5
(C. VI-VIl) show two other lattice patterns applied in the
same manner.

A.3.3. Triply periodic minimal surface structures.
Similar to the Periodic Lattice module, the ‘TPMS’ module
would populate the grid with TPMS surfaces with a user-
input thickness. As an example, Figure A5(D.II) shows the
Gyroid being populated in throughout the patient-specific
solid scaffold geometry. Upon close inspection, the edges of
these TPMS structures can be jagged and oftentimes discon-
nected. Hence, a seam or an edge is created in the module
near sharp regions as seen in Figure A5(D.IV). This is done by
Boolean subtracting a smoothed out solid geometry (whose
sharp edges would be smoothed out) from the pre-smoothed
geometry, which would result in the sharp regions of the solid
geometry. For the smoothing as well as the Boolean subtrac-
tion operations, the F-rep modelling plugin is used. Once the
edge is created, it is merged through a Boolean union
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operation to the TPMS level-set and is finally converted to a
surface mesh. Figure A5(D.VI-VII) illustrates scaffold designs
based on 2 different unit cells.

A.4. Evaluation of scaffold design

A.4.1. Porosity. The ‘Evaluation’ module connected to the
Porous Architecture modules would then calculate the poros-
ity as follows,

Vso/id -V

POTO % 100% (A3)

Porosity =
Vso/id

where Vg is the volume of the solid scaffold geometry
without the flange geometries, and Vpoous is the volume
of the porous scaffold geometry without the flange
geometries. The porosity calculation block can be seen in
Figure A6(A).

A.4.2. Pore sizes distribution. Using the Boolean intersec-
tion and Boolean difference operations, between the solid
scaffold geometry, the individual cells and the final porous
scaffold geometry, the individual pores can be isolated. This
allows the calculation of pore size distribution which is
seen in Figure A6(B.I), which is another output of the Evalu-
ation module. For the Voronoi scaffold the isolated pores can
be seen in green in Figure A6(B.Il). As pores can have
different shapes depending on the type of porous architec-
ture used, the pore diameter is calculated by calculating
the diameter of a sphere which has an equal volume to
the arbitrary shaped pore. Hence, this is termed as
‘effective pore diameter. However, the diameter of the
largest sphere that would fit in these irregular pores also
can be calculated if that is the preferred approach by the
team of surgeons or design engineer.

A.4.3. Virtual insertion. The ‘Virtual Insertion’ module
allows the virtual cross-sectional examination of the patient-
specific fit. The scaffold and the bone defect can be sectioned
by any user-set plane and the cross-section can be seen. In this
view, a number slider enables the translation of the scaffold
geometries (either the solid or porous) along its respective sur-
gical approach vector. The design engineer would be able to
inspect both the patient-specific fit and the unobstructive
insertion of the scaffold by examining several cross-sectional
planes. This cross-sectional examination for the femoral bone
defect can be seen in Figure 8(A).

A.4.4. 3D printability check. Finally, the 3D printability
check includes a C# script which utilises the ‘mesh check’ func-
tions of Rhinoceros 3D which are exposed via their C# API,
named ‘RhinoCommon’. This function checks a given surface
mesh that is either composed of quads, triangles or a combi-
nation of both, for self-intersected faces, degenerated faces,
manifold edges and if the mesh is closed (watertight).

A.5. Export surface mesh

This module uses the level set to mesh conversion functionality
offered by OpenVDB to convert any level set into a polygonal
surface mesh, with or without adaptivity.
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