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Abstract

Additive manufacturing (AM) has revolutionized the design and manufacturing of patient-specific, three-dimensional (3D),
complex porous structures known as scaffolds for tissue engineering applications. The use of advanced image acquisition
techniques, image processing, and computer-aided design methods has enabled the precise design and additive manufacturing
of anatomically correct and patient-specific implants and scaffolds. However, these sophisticated techniques can be time-
consuming, labor-intensive, and expensive. Moreover, the necessary imaging and manufacturing equipment may not be read-
ily available when urgent treatment is needed for trauma patients. In this study, a novel design and AM methods are proposed
for the development of modular and customizable scaffold blocks that can be adapted to fit the bone defect area of a patient.
These modular scaffold blocks can be combined to quickly form any patient-specific scaffold directly from two-dimensional
(2D) medical images when the surgeon lacks access to a 3D printer or cannot wait for lengthy 3D imaging, modeling, and 3D
printing during surgery. The proposed method begins with developing a bone surface-modeling algorithm that reconstructs
a model of the patient’s bone from 2D medical image measurements without the need for expensive 3D medical imaging
or segmentation. This algorithm can generate both patient-specific and average bone models. Additionally, a biomimetic
continuous path planning method is developed for the additive manufacturing of scaffolds, allowing porous scaffold blocks
with the desired biomechanical properties to be manufactured directly from 2D data or images. The algorithms are imple-
mented, and the designed scaffold blocks are 3D printed using an extrusion-based AM process. Guidelines and instructions
are also provided to assist surgeons in assembling scaffold blocks for the self-repair of patient-specific large bone defects.
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Introduction

Bone has a unique healing potential for self-regeneration
after damage, especially for minor defects. However,
external intervention is required for the self-repair of large
defects that are greater than twice the diameter of the long
bone diaphysis [1]. Autografts and allografts are external
interventions that can aid bone regeneration. Nonetheless,
the source of autografts is limited for filling of large bone
defects or fractures. Additionally, extracting the autograft
needs an additional surgical procedure that causes several
problems [2-5]. Although allografts can be implemented
in larger quantities, accessing the resources is not always
easy, especially when the treatment is urgently needed,
and the immune system of the patient can also reject the
allografts.

In recent years, porous scaffolds have been used for heal-
ing bone defects and for bone regeneration. Bone scaffolds
can be manufactured with different materials that must be
biocompatible, bioresorbable, osteoconductive, and oste-
oinductive, and contain other cost-effective features (e.g.,
metals, ceramics, and polymers) [6]. Additionally, bone
scaffolds should have a porous inner structure that provides
a suitable environment for cells to maintain cell activity.
These scaffold structures can be manufactured with several
traditional methods such as gas foaming [7], freeze-drying
[8], fiber sintering [9], and electrospinning [10]. However,
these methods lack controllable pore characteristics, such
as pore size, pore shape, and porosity, and this can nega-
tively affect cellular distribution and nutrient and metabo-
lite exchange, and thus cellular activity. This uncontrollable
structure can cause nonuniform stress distribution inside the
scaffold to create unpredicted mechanical properties. Fur-
thermore, these methods may leave toxic residues inside
the scaffold that will adversely affect the bone regeneration
[11]. However, with additive manufacturing (AM) technol-
ogy, bone scaffolds can be precisely manufactured with the
desired interconnected porous inner structure that provides
the necessary biological and mechanical properties with an
appropriate external shape.

Designing a scaffold that meets the requirements of
all patients is challenging, considering the differences
in anatomy and morphology among people of different
races, genders, and ages [12—15]. Furthermore, each bone
shape and defect size is unique, and if a scaffold does not
match the area accurately, a surgeon may have to modify
the scaffold during the operation. This can increase the
duration of the surgery and the risk of complications such
as prolonged hospitalization, severe pain, and limb loss
[14]. These complications can be avoided if scaffolds are
custom designed and based on the unique anatomical and
morphological features of the specific patient.

By importing two-dimensional (2D) medical imaging
scans such as computed tomography (CT) or magnetic res-
onance imaging into medical image processing software, a
three-dimensional (3D) model representing the fracture or
bone defect area of a patient can be generated [16]. With
computer-aided design systems, a virtual prototype of a
customized bone substitute can be designed based on the
obtained defect area model [17]. Technical and surgical
staff then collaborate to ensure that the final design meets
the unique anatomic features of the patient. With computer-
aided manufacturing systems and AM, a more precise
patient-specific scaffold that fits the unique anatomic fea-
tures of the patient and the injury can be produced.

The use of AM to produce personalized scaffolds for
bone regeneration is a promising solution but is also time-
consuming, labor-intensive, and expensive [18]. Designing
and manufacturing a single implant can take months, making
this unsuitable for trauma patients or urgent cases. The pro-
cess also requires access to expensive equipment for clini-
cal imaging and medical image processing that may not be
readily available in underdeveloped or resource-limited areas
[19]. Thus, while AM of personalized scaffolds is a promis-
ing solution, its limitations in terms of cost and accessibility
need to be considered.

In this study, we introduce the concept of creating a
customized best-fitting scaffold from a range of readily
manufactured, Lego-like “modules.” The goal is to produce
enough variety in modules with a rational product family
architecture to enable provision of an improved patient-spe-
cific solution. Computational geometry-based algorithms
were generated to model the bone surface and create the pal-
ette of modular blocks directly from 2D medical images or
measurements. To manufacture the blocks with the desired
properties, a parametric algorithm providing a deposition
path planning for continuous extrusion AM was generated.
A final algorithm was developed to guide the clinician on
selecting and assembling the appropriate modules from the
palette.

Methodology

The overall procedure for the developed method is shown
in Fig. 1. The creation of patient-specific scaffold structure
from 2D medical images is performed by Algorithm IV,
which uses two further algorithms: a bone surface modeling
algorithm and a modular block creation algorithm. The bone
surface modeling algorithm generates a patient-specific 3D
bone model from 2D medical images or average anthropo-
metric measurements of a particular group (age, pathology,
and gender), whereas the modular block creation algorithm
generates modular scaffold blocks from the patient-specific
or average bone model. The femur model and its parameters
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Fig.1 Schematic diagram of the created method for generating a best-fitting scaffold directly from 2D medical images

can change based on anthropometric, age, pathological, and
gender differences, and must be specified per group. Algo-
rithm IV stores the morphological information of the modu-
lar scaffold blocks and the patient-specific bone model, and
using the measurements extracted from 2D medical images,
creates a customized scaffold structure with modular blocks.
The algorithm provides assembly information to the surgeon
about how many and which modular blocks to use to match
the bone defect of the patient. The surgeon then selects the
correct scaffold blocks from a palette of modules, contain-
ing already printed porous biodegradable structures, and
assembles them as instructed by the algorithm to create the
best-fitting scaffold for the patient.

3D parametric modeling of femur

Algorithm I (Fig. 1) can be used to model different bone sur-
faces. Here, we used the femur as an example. The femur has
unique anatomical and morphological features, so param-
eterizing it is crucial to creating the best-fitting scaffold.
This is achieved by defining referential geometrical entities
(RGEs), which represent the unique morphological sur-
face features of the femur and are important for orthopedic
and trauma specialists. These RGEs, such as characteristic
points, views, planes, and directions, are created based on
the anatomic and mechanical axes and are referred to as
the defined RGEs. These RGEs are shown in Fig. 2a and
described in Table 1 [20-22]. Like planes and directions,
every element used to remodel the femur geometry (i.e.,
anatomic and mechanical axes) is also defined as an RGE.
To acquire the external surface of the femur, a reverse
engineering technique was performed. The obtained femur
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model was imported into the developed algorithm based
on published studies [23, 24]. In this algorithm, the speci-
fied RGEs are extracted from the femur model. Using the
designated RGEs, the anatomical coordinate system of the
femur is constructed according to the International Society
of Biomechanics suggestions [25]. While constructing the
coordinate system, specific conditions are met: (1) the ana-
tomical axis of the femur is vertical; (2) the epicondylar axis
is parallel to the coronal plane [26]. It is assumed that this
will be the case for any future femur models.

The defined RGEs are used when the femur model
is divided into five regions. These regions are the head,
neck, trochanter (greater and lesser), shaft, and condyle
(Fig. 2¢). These regions are used to perform local changes
on the femur model, so a new femur model of a patient or
a specific group could be obtained. Using the RGEs, the
necessary auxiliary planes (e.g., Plyr and Plyg) are defined
between these regions. Moreover, boundary curves between
neighboring regions (e.g., head—neck and shaft—condyle) are
created. Within these boundary curves, the femur model is
sliced with multiplanes, and cross-sectional curves of those
five regions are created. For these curves to be compatible
with the femur to be generated, a new set of correct and
necessary feature parameters (FPs) is introduced in every
defined region (Table 2). The defined femoral feature mor-
phologies (e.g., rpy, Ly) have direct effects on femoral
biomechanical functions [15]. Moreover, they can be eas-
ily extracted from 2D medical images (e.g., X-rays of the
femur taken at coronal and sagittal planes) (Figs. 2a and 2b).
The defined FPs are sufficient to make local morphological
changes on the femur model within those regions, but they
do not support making necessary arrangements to the whole
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Fig.2 a, b Definition of RGEs, feature parameters and model parameters, and ¢ femur regions. RGEs: referential geometrical entities

femur model. To achieve this, a new set of parameters, called
model parameters (MPs; e.g., Ly, Lp), is defined (Table 2)
[22], which, like the FPs, could also be extracted from 2D
medical images (Figs. 2a and 2b).

We assumed that the defect area is in the shaft region,
which starts at 20 mm below the minor trochanter (Pty;r)
and ends at 20 mm above where the condyle part begins
(Plgc). The FPs and MPs are selected to ensure that the rep-
resentation of the shaft region will be as accurate as possible
and that the subsequent customized scaffold will have the
best fit.

The FPs and MPs are measured using the 2D medical
images of a patient. These measurements are then used as
input to construct the anatomical and referential coordi-
nate systems of the new femur model. The cross-sections,

obtained from the initial femur model, are proportionated
with respect to those parameters. Using the newly con-
structed coordinate systems, the proportionated cross-sec-
tions are placed properly with the necessary transformation
matrices. With lofting and filling, the freeform surface of the
new femur is constructed.

Modular scaffold block creation

To create the modular blocks, a computational geometry-
based algorithm, Algorithm II, was previously developed
[27]. Algorithm II uses the bone model as input and per-
forms a computational geometry-based process to create the
modular blocks. The bone model can be representative of
a particular group or a patient and is created using a femur
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Table 1 The definition of referential geometrical entities (RGEs)

RGE  Definition

Pty Femoral head center
Pty Femoral neck isthmus

Py, The highest point of major trochanter

Ptyyr  The most prominent point of minor trochanter on medial side
Ptg; Femoral shaft isthmus—origin

Pty The most prominent point of condyle on medial side

Pt The most prominent point of condyle on lateral side

Py, The lowest point of femur

Pty The most prominent point of condyle on AM
Ptpyy  The most prominent point of condyle on PM
Pty The most prominent point of condyle on PL

Pt,;,  The most prominent point of condyle on AL

Plyy  Interface plane between head and neck

Plyr  Interface plane between neck and trochanter

Plyg Interface plane between trochanter and shaft

Plgc  Interface plane between shaft and condyle

AM: anteromedial side; PM: posteromedial side; PL: posterolateral
side; AL: anterolateral side

Table 2 The definition of feature parameters (FPs) and model param-
eters (MPs)

FPs and MPs Definition

TFH Femoral head radius

Lyx Head offset along X-axis
Lyy Head offset from Pty along Z-axis
NI Neck isthmus radius

Ly Neck length

ay Neck angle

Hg Trochanter height

Wir_ap Trochanter width on AP
Wir m Trochanter width on LM
Wus_ap Upper shaft width on AP
Wus 1M Upper shaft width on LM
Wsi_ap Shaft isthmus width on AP
Wsi v Shaft isthmus width on LM
Wis_ ap Lower shaft width on AP
Wisim Lower shaft width on LM
Lpg Proximal shaft length

Lpg Distal shaft length

Lp Total length of femur

ag Bow angle in L-M plane
H; Lateral condylar height
Hyc Medial condylar height
Lyiic Medial-lateral condylar length
L Anterior condylar length
Lpc Posterior condylar length

AP: anterior posterior plane; LM: lateral medial plane
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surface-modeling algorithm or a reverse-engineering tech-
nique. This algorithm also uses mathematical inputs such
as the desired height of the module, the allowable dimen-
sional differences between the modules, and the femoral nail
diameter to stack up the modules during implantation. After
the average femur model and the adequate parameters are
provided to Algorithm II, the algorithm creates the modular
blocks specific to that group. The intramedullary nail pro-
vides not only the mechanical stability of the scaffold but
also guidance for the assembly.

The shaft region of the femur is considered as the region
between Pty;;r and Plg.. The minimum distance between
these two geometric entities on the given femur model is
calculated. Using the desired module height input, the num-
ber of modules is calculated, and based on this number, the
real module height is calculated. By using this height value,
auxiliary planes are created through the shaft region of the
femur (Fig. 3a). At the created auxiliary planes, the femur
surface is sliced to obtain cross-sectional curves (Fig. 3b).
With the provided inputs, the most similar and the least
number of modules possible are created and similar cross-
sectional curves are clustered (Fig. 3c). To represent the
curves in a cluster with the same contour, a fitted curve is
created per group (Fig. 3d). By using two neighboring fitted
curves, the shape of the module is created by lofting and
extrusion operations. To open the cavity for the placement
of intramedullary femoral nail, Boolean operations are per-
formed on the modules (Fig. 3e).

Continuous path planning for AM of modules

Algorithm III was previously developed to generate a tool-
path planning for continuous extrusion AM [27]. This algo-
rithm enables the manufacturing of a porous inner structure
with the desired mechanical and biological properties with a
continuous motion. Moreover, because of novel strut place-
ments, the inner morphology of the femur can be mimicked.

The algorithm takes several AM process parameters as
inputs: the nozzle diameter, the overlapping rate between
layers, and the desired number of divisions in two consecu-
tive layers. Geometrical inputs are also required, which are
the 3D models of the modules to be printed. Consequently,
the algorithm generates zigzag and spiral patterns in odd-
and even-numbered layers, respectively. Furthermore, this
creates a g-code file to control the 3D printer movements.
The developed 3D models can then be used for any AM
process.

The first step in creating modular blocks via AM is to
slice the model into layers. This slicing process uses the
desired nozzle diameter and overlapping rate that determine
the number of layers and layer height (Fig. 4a). The cross-
sections of the 3D scaffold are then extracted at the calcu-
lated layer heights (Fig. 4b). The outer contour represents
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the surface of the femur, and the inner circle represents the
cross-section of an intramedullary nail.

In the first layer i, radial auxiliary lines are a user-speci-
fied parameter and are created using the center of the inner
circle as a reference point (Fig. 4c). The intersection points
in this layer are obtained by using the created auxiliary
lines and the extracted cross-sectional curves (Fig. 4d).
These points are stored in a local matrix, allowing the
extrusion-based 3D printer to move in a zigzag pattern at
that layer (Fig. 4g); the zigzag pattern starts and ends at
the intersection point on the outer contour. In the next layer
(i+1), auxiliary lines are generated using the projection of
the intersection points from the previous layer i onto this
layer (Fig. 4e). The auxiliary lines are equally divided using
another user-specified parameter, and the intersection points
are obtained (Fig. 4f). The coordinate information of these
points is stored in another local matrix and a spiral pattern is
created based on their radial distances from the center of the
inner circle (Fig. 4h). The spiral pattern starts from the outer
contour and ends at the inner contour, as the previous zigzag
pattern ends at the outer contour. In the third layer (i +2),
the zigzag pattern is created using the same process as in the
first layer i, but the start point is the cross-section point at
the inner circle (Fig. 41). In the fourth layer (i + 3), the spiral

pattern is created using the same rules as in the second layer
(i+ 1), but the points were stored so the spiral pattern starts
from the intersection point at the inner circle (Fig. 4j). The
endpoint of this pattern is at the outer contour. This four-
step process is repeated until the entire scaffold module is
generated. The algorithm prevents self-intersections between
the connecting line segments and contours while generat-
ing the patterns. Finally, the local matrices from each layer
are merged into a global matrix, which is used to generate
instructions for the custom extrusion printer to follow. These
instructions represent the path that the printer should take
and are the output of the algorithm.

Customized scaffold structure

Algorithm IV (Fig. 5) was generated to inform a clinician
in the field about how a customized best-fitting scaffold
can be created using the already printed bone bricks, M,
where k represents the total number of different modules.
By using the same 2D medical images to obtain the femur
model of a patient (V,;c,). @ bone defect area can be
introduced to the algorithm. Two pieces of information,
D, and D_,, are required by the algorithm to detect the
defect area, which are the linear distances of the most
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prominent points of the defect along the world-Z-axis from
Pty;r- By using this information and the height of the
printed modules (%,,,4,10)- the algorithm calculates the final
top and bottom planes of the defect (P1; and PI,). These
planes are used by the surgeon to perform cutting opera-
tions on the native bone tissue to prepare it for implanta-
tion. These planes are also used to create cross-sectional
curves in the defect area of the patient: COq, q=0,1,...,0,
where g represents the total number of cross-sectional
curves along the defect area. Each obtained curve is
divided such that the distances between the created points
are equal. These points are represented by PtCO;;)N, where
DN represents the total number of points at each curve. To
match the defect area with the created blocks, the obtained
cross-sections are compared with those of the modules
(C,). The curves that are in the allowable range (D ,;owabie)
are moved to the correct places using the appropriate
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transformation matrices. Thus, the best-fitting customized
scaffold is created. From this step, the algorithm also
extracts and generates information about how to assemble
the modules that are going to be used and in what order.
This instructional output (B,) helps the surgeon create the
scaffold structure by stacking the specified modules with
the help of the intramedullary femoral nail and implant the
final structure into the body.

Results and discussion

The CT scans of four different femur models, Femurs A-D,
were imported into Mimics version 14.1 (Materialise, Leu-
ven, Belgium) for editing and their 3D reconstruction. The
same femur models were also created with the generated
femur surface modeling algorithm by extracting the nec-
essary measurements from 2D medical images (Fig. 6).
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INPUT: Vpatient: Dzl' DZZ' Dallowabler Mk

OUTPUT: B, Pl,, Pl

START
1. Create_Patient_Specific_Scaffold() {
2. COu—1{}; B {3 /*Initialization*/
3. Pl &Pl, < Calculate(Dzq, Dz2, hyyodule)

/*Calculation of the defect area that will be represented with

€O, CrossSection(Vyefects Ple, Plp, hmodule) /*Cross sections of the bone defect area of the patient*/

modules*/
4
5. While(i<q){
6. j<0
7. While (j <k){
8 m«0
9 While (m < DN) {

10. Pt; « ClosestPoint(Ptcoi’l ,G)
11. D = Distance(Pt; , Pt;qi )
12. If (D = Dallowable){

13. If ( m=DN-1) {
14. V;, « VectorCreate(PtCemerCi, PtCenterCOj) /*Moving the proper module to the right place*/
15. B; « CopyObject(M;, V;) /*Replacing the defect area with proper modules*/
16. m=DN; j=k
17. Else
18. m=m-+1 } /*End of If Statement*/
19. Else
20. If (j=k—-1){
21. j=k
22, Else
23. m=DN } /*End of If Statement*/
24. } /*End of If Statement */
25. } /*End of 3rd While Statement*/
26. } /*End of 2nd While Statement*/
27.i=i+1
28. } /*End of 1st While Statement*/
29. }END /*End of Create_Patient_Specific_Scaffold*/
END

Fig.5 Pseudocode for Algorithm IV: creation of a customized scaffold with bone bricks

To demonstrate the accuracy of the model generated by
the developed algorithm, the absolute average maximum
distance of the models, created with both methods, was
calculated. Therefore, since the best-fitting scaffolds are
produced for the shaft region, representing the femur sur-
face in that region as closely as possible to the original one
is crucial. The average distance in this region of the four
different femur models was calculated as (1.2485+0.2915)
mm. Considering that the best-fitting scaffolds are quickly
produced, this is an acceptable average distance in this
region [28, 29]. The surgeon determines the required
accuracy for the case and selects the appropriate scaffold

blocks from a palette of modules to create a best-fitting
scaffold for the patient.

As shown in Fig. 6, Femurs A, B, and C exhibit simi-
lar morphological features. The morphological features
of Femur B represent the average femur model of these
three femur models (A—C). Thus, Femur B was used as a
geometry-based input during the module creation process.

As described earlier, the module creation algorithm
requires several user inputs, such as the height of the mod-
ule and tolerance, in addition to the geometry-based input.
Table 3 shows the effect of these mathematical inputs on
the modules and the representation of the femur, and Fig. 7
displays the different palettes of modules created for the
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Average maximum distance: 0.7739 mm

Femur A

Femur A ;
tS/ Femur Surface

Modeling Algorithm

Average maximum distance: 1.4350mm

Femur C

Average maximum distance: 1.5313 mm

Femur B

Average maximum distance: 1.2540mm

Femur D

Model obtained with femur surface modeling algorithm

Model obtained with reverse engineering method

Fig. 6 Different femur models obtained with the reverse engineering method (blue) and femur surface modeling algorithm (red)

Table 3 Effects of mathematical

. ' Tolerance (mm)
inputs on the module creation

Desired module Actual module Total number of

° height (mm) height (mm) different modules
algorithm
Palette 1 0.50 5.00 5.20 25
Palette 2 1.00 5.00 5.20 14
Palette 3 2.00 5.00 5.20 7
Palette 4 0.50 10.00 10.02 19
Palette 5 1.00 10.00 10.02 12
Palette 6 2.00 10.00 10.02 7
Palette 7 0.50 15.00 15.63 15
Palette 8 1.00 15.00 15.63 10
Palette 9 2.00 15.00 15.63 5

entire shaft region of Femur B. To ensure that the entire
shaft region (with a specific length) of an average femur is
represented with modules without any leftover areas, the
actual module height is calculated using the desired module
height input and the calculated number of modules in rela-
tion to this input.

In the defined region, the topological features of cross-
sectional curves in the upper part are relatively similar to
each other because of the morphological characteristics of
the femur. Consequently, the number of different modules
required to represent this part of the region is less than
that required for the distal part of the shaft region. Hence,

@ Springer

most of the variations in the modules occur in the lower
part. Therefore, even if the tolerance input decreases, the
total number of distinct modules does not significantly
change despite the module height input. Although the
module height input provided to the system may not have
a noticeable effect, the quality of the fit of the created
scaffold structure on the patient is largely influenced by
the module height. Additionally, the module height must
provide sufficient dimensional flexibility for a surgeon to
manipulate during assembly and implantation.

To illustrate the effect of these parameters on modules
and the final scaffold structure, patient-specific scaffolds
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Fig. 7 Different palettes of scaffold blocks

were created with different bone brick palettes for different
cases (Fig. 8). The first scenario was where a large bone
defect was observed around the distal part of the shaft region
of Femur C. The defect height (the length along the sagittal/
coronal plane, Z-axis) was 67.60 mm. The information on
where the defect was located was introduced to the system.
The modules belonging to Palettes 1, 4, and 7, created from
Femur B, were uploaded to the system as defaults, respec-
tively. Consequently, the system gave the best-fitting scaffold
to the scenario for Femur C (Figs. 8a, 8c and 8e). Moreo-
ver, information for the assembly of the proper modules was
extracted. The same procedure was followed for Femur A
with a defect having similar specifications (Figs. 8b, 8d and
8f). For another scenario, a large bone defect around the
middle shaft region was examined for both Femurs A and
C. The height of this defect was 109.20 mm. After the femur
models were generated, the defect area was introduced to the
system. Correspondingly, the best-fitting scaffold and assem-
bly information, created with the defined default module
palettes, were obtained for both Femurs A and C (Figs. 8a,
8b and 8f).
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The resulting scaffold structures created with Palette 1
have smoother surfaces than those created with Palettes 4
and 7. When the values of the tolerance and height inputs
of Algorithm IV decrease, the representation of the patient
femur increases in accuracy. Additionally, obtaining a better-
fitting scaffold structure becomes possible. Nonetheless, one
limitation regarding using Palette 1 is that the total number
of different modules is higher. Therefore, a surgeon may find
it difficult to create the best-fitting scaffold for a patient with
a large bone defect when dealing with such small structures.

When implanting the created scaffold into the body, the
height of the created structure becomes as important as its
accurate surface representation. The clinician must clean the
defect bone area from excess tissue to enable the scaffold
structure to fit the defect area properly. Performing minimum
changes without losing too much native tissue is directly
related to the height difference between the final scaffold
structure and defect area. The scaffold structure, created with
modules belonging to Palette 7 for a 67.60-mm sized defect
(Figs. 8c and 8d), is the structure where the most changes
must be made because of the height difference between the
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Fig. 8 Best-fitting scaffolds for femur model C (a, ¢, and e) and A (b,
d, and f) with 67.60-mm distal (c, d, and ) and 109.20-mm shaft (a,
b, and f) defects with different palettes of bone bricks (Palettes 1, 4,

defect and the scaffold, which was 10.55 mm. This was fol-
lowed by the scaffold created with Palette 4 modules, which
had a height difference of 2.54 mm.

However, this was not the same for scaffolds produced
for femur models with a 109.20-mm sized shaft defect
(Figs. 8a and 8b). Here, the amount of removal of native
tissue is greater when the scaffold structure is created with
modules belonging to Palette 4 rather than Palette 7 (1.02
and 0.21 mm, respectively). Although the maximum amount
of native tissue that needs to be removed has a direct rela-
tionship with the module height, this is also affected by the
defect height. Therefore, whichever group is targeted, the
most common defect in that group can be analyzed by per-
forming a statistical study of the location of the defect and
the most common defect height to decide the height of the
modules.

Prototypes of different scaffold structures and femur
models were manufactured with commercially available
3D printers and software (Figs. 8e and 8f). Additionally,
to produce scaffolds with the generated novel zigzag/spiral
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and 7). Printed prototypes of femur model C with 67.60-mm distal (e)
and femur model A with 109.20-mm shaft defects (f)

pattern, Algorithm III was implemented with scripting tools
of Rhinoceros 3D (RhinoScript and Python for Grasshop-
per) running on a PC to obtain the instruction file to con-
trol the custom extrusion-based 3D printer. The 3D printer
has a heated syringe where polycaprolactone (PCL; 37 kDa
molecular weight) was melted at 65 °C. With a pneumatic
dispensing unit, melted PCL was extruded through a 250-um
diameter nozzle until the whole modular block was manu-
factured layer by layer. All the modular blocks used to create
the scaffold structure for the 67.60-mm distal bone defect
were printed as shown in Figs. 8e and 9a. Figure 9 displays
some of them, i.e., Modules M3 (Fig. 9g), M6 (Fig. 9f), M9
(Fig. 9e), and M 12 (Fig. 9b), and the different porosity levels
of M12 (Figs. 9c and 9d). The developed algorithms can
generate modular scaffolds in several hours on a high-end
PC.

When the same first and second division numbers are
used as inputs in Algorithm III to produce each module, the
location of the pore in each module will be almost the same.
Thus, if an obtained scaffold structure created with such
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Fig. 9 a Assembly of the best-fitting scaffold with modules of Palette
1. b, e—g Top views of the created structure for M12 (b), M9 (e), M6
(f), and M3 (g) created with the same inputs of Algorithm III. ¢, d

printed modules is viewed from above, the pores extend-
ing all the way through the structure can be seen (Fig. 9a).
Using the same parameters also causes the total porosity of
the modules to be similar to each other (Figs. 9b and 9e-9g).

Conclusions and future directions

Herein, a novel approach was proposed to create the cus-
tomized scaffolds of best fit for large bone defects using
modular, bioactive, low-cost, and 3D-printed bone scaffold
blocks. A femur surface-modeling algorithm was devel-
oped to generate 3D patient-specific femur scaffolds for
the patient, eliminating the need for time-consuming and
expensive steps such as 3D reconstruction from 2D medical
images. The scaffold block creation algorithm was devel-
oped to parametrically obtain scaffold modules with desired
topological characteristics to best represent the defect area.
To mimic the bone morphology and obtain an adequate
porous structure, a computational algorithm was generated
to create a continuous zigzag/spiral tool path for modules.
With a custom extrusion-based 3D printer, the porous bone
bricks were additively manufactured with a biodegradable
polymer. The final algorithm was designed to inform the
clinician about the number and type of on-demand modules
needed to create a best-fitting, patient-specific scaffold to
represent the bone defect area. This study presents a prom-
ising solution for creating a custom-fitted scaffold for large
bone defects directly from 2D medical images of a patient

The resultant M12 scaffold blocks with different parameters of Algo-
rithm III. P: porosity

with reduced time, cost, and effort. For ongoing develop-
ment, these algorithms can be implemented into software
with a user-friendly and interactive interface for surgeons.
The methods developed here can create modular and cus-
tomizable scaffold blocks that can be adapted to fit the bone
defect area of a patient. These customized scaffold blocks
are obtained directly from 2D images and can be 3D printed
to be used for femoral bone defects. However, the developed
methods need to be modified and generalized for other types
of defect areas. More specifically, the parameters required
to model the bone tissue need to be defined. The developed
scaffolds are fabricated from biodegradable polymeric mate-
rials to support and guide cells to form their own extracel-
lular matrix. For critical bone defects, scaffolds should be
combined with active biomolecules to allow nutrient and
metabolite exchange, and thus to retain cellular activity [30].
However, the in vitro and in vivo studies leading to clinical
applications are beyond the scope of this study.
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