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Abstract. In orthopedic surgery, bone tissues aid in the reconstruction of dam-
aged or missing bone and ligaments, allowing patients to achieve optimal motor
function recovery. A musculoskeletal tissue bank collects and certifies donated
tissue for transplantation. However, sometimes suitable bone tissue is unavaila-
ble or incompatible geometrically with the required implant. Custom-made, bio-
compatible artificial bone tissue development could mitigate such challenges.
Scaffolds, either biological or synthetic, promote bone regeneration within the
body. Despite research on their chemical compositions and mechanical proper-
ties, limited attention is given to their geometric design and personalized shape.

This study presents a method for designing bone scaffold geometry using ad-
ditive manufacturing in a biocompatible material. The aim is to create a scaffold
with variable density, from denser cortical to less dense medullary zones. CT
images determine bone tissue density, compared to the density imposed on the
scaffold. Additionally, the printability of the PEEK, the chosen material, is in-
vestigated. CAD 3D modeling software generates an example of porous scaffolds
in a lattice structure, customizable to specific case studies, that could facilitate
osteointegration.

Further research may address the structural analysis of these elements and
compare the results with the characteristics of human bone tissue.
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1 Introduction

Three-dimensional (3D) surgical planning for bone corrections and 3D printing of pa-
tient-specific implants are widely established clinical practices in preoperative surgical
planning. In orthopedic surgery, these technologies enable highly versatile and accurate
planning and reproduction of complex procedures, including rare bone corrections in
pediatric surgery. These innovations have significantly reduced surgical times, intra-
operative and post-operative complications, and the use of intra-operative fluoroscopy
[1].

Bone grafts, implants, and patient-specific instruments are extensively used to ad-
dress bone pathologies such as congenital defects, traumas, and fractures, leveraging
sophisticated virtual surgical planning (VSP) systems and additive manufacturing
(AM) technologies [2]. Particularly in orthopedic surgery, the use of massive homolo-
gous bone grafts is often necessary [3]. Such grafts can replace neoplastic lesions, cor-
rect congenital deformities, or lengthen bone segments. The musculoskeletal tissue
bank supplies bone grafts processed in controlled environments, guaranteeing their
quality and microbiological safety. However, the current standard for fabricating bone
grafts on specific requests involved freechand manufacturing, which follows size and
geometry guidelines. Techniques employing CAD/CAM technology for custom bone
grafts do exist [4], yet challenges persist when suitable bone tissue is unavailable or
lacks geometric compatibility with required implants.

Developing tailor-made biocompatible artificial bone tissue could address these is-
sues. Central to this effort are scaffolds, which serve as biological or synthetic substi-
tutes that facilitate bone regeneration within the organism. Tissue engineering and re-
generative medicine have made significant efforts in this area. The development of lat-
tice structures, such as scaffolds integrated with stem cells or growth factors, seems to
be a promising solution for treating pathologies, congenital deformities, and trauma [5,
6]. While several studies focus on the chemical compositions and mechanical properties
of scaffolds [7, 8], research on their geometric design and customized shapes is sparse
[9]. Scaffolds can act as a passive support material colonized by the tissue cells or can
be combined with stem cells [10]. Biomaterials used in scaffolds must meet the me-
chanical and biological requirements of the implant context, such as necessary stiffness
and strength similar to human bone, and must facilitate osseointegration.

Scaffolds made from biomaterials must withstand biological loads specific to their
application. For instance, a femoral implant requires higher mechanical properties than
a clavicle implant. Additionally, scaffolds should promote bone regeneration; a lattice
structure, rather than a solid one, facilitates active cell development. Research demon-
strates the study and analysis of various biomaterials, from ceramics and polymers to
metals and composites [11]. Each biomaterial has specific characteristics, with biocom-
patibility dependent on its application. A fundamental requirement of a biomaterial is
its non-toxicity and its biological compatibility with surrounding implant tissues [12].
Manufacturing technologies vary with biomaterials, ranging from common Fused Dep-
osition Modeling (FDM) to sophisticated Stereolithography (SLA) and Selective Laser
Sintering (SLS), and the latest bioprinting technologies that integrate passive matrices
and bioactive agents [13].



This study aims to illustrate a preliminary development process for designing lattice
structures and fabricating them using AM technologies and high-performance bio-
materials such as PEEK. The design and fabrication of lattice structures in PEEK are
central to this study, focusing on the production of implantable scaffolds, customized
bone grafts, and wedges for open wedge osteotomies. This innovative approach enables
the creation of scaffolds as support structures with high biocompatibility and a high
degree of geometric customization, enhancing and optimizing new bone tissue for-
mation even in deficient areas. As a preliminary study, further research will investigate
the structural analysis of these structures and compare the results with human bone
tissue characteristics to advance the understanding and application of customized bone
scaffolds across various surgical fields.

2 Materials and Methods

VSP involves a workflow comprising several steps and the use of different software for
image segmentation, 3D modeling, and 3D printing [14]. In this specific case study, a
mesh generated from the segmentation process was first imported into a 3D modeling
environment and then into 3D printing slicing software. The following methodology
allows a mesh in STL format to be transformed into 3D printable lattice structures using
high-performance materials such as PEEK. The objective is to illustrate our approach
to the design and fabrication of lattice structures for potential implant applications and
facilitate osseointegration of bone grafts.

2.1  Design concept

The process begins with segmenting anonymized DICOM images of a patient to gen-
erate a three-dimensional anatomical model in STL format. For this case study, the
medical images represent a femoral bone segment. The three-dimensional model is re-
constructed using medical image segmentation software, such as 3D Slicer [15], with
careful differentiation between the various bone types: cortical, trabecular, and medul-
lary. Based on the Hounsfield scale [16], specific ranges are defined for each bone area:
cortical bone from 484 Hu to 1814 Hu, trabecular bone from 333 Hu to 484 Hu, and
medullary area from 230 Hu to 333 Hu. Subsequently, three distinct meshes corre-
sponding to each bone type are exported. To streamline the process, a section where all
three bone types coexist was identified, thereby reducing the overall weight of the dig-
ital model and accelerating fabrication time. It is important to maintain the same refer-
ence system throughout the import and export phases between different software appli-
cations to preserve information regarding the relative positions of the various objects.

The meshes are then imported into a 3D modeling environment, such as nTop Edu-
cational. If the mesh is particularly complex due to the segmentation of medical images,
a remeshing process is performed before converting it into implicit bodies [17]. The
“Infill Gyroid” block is applied as a Triply Periodic Minimal Surface (TMPS) structure,
with specific geometries such as cell sizes and wall thickness. TPMS structures are
chosen for their trabecular bone-like morphology, advantageous in tissue engineering
applications and orthopedic implants [18]. Porous implants have long been used to



stimulate tissue and bone growth [19]. It is possible to create an object with variable
density, featuring higher density in the cortical zone and lower density in the trabecular
zone medullary zones, mimicking the geometry of human bone. Establishing a correla-
tion between the density of human bone tissue and the characteristics of the gyroid unit
cell that will form the infill of the lattice structure is beneficial. This correlation is ob-
tained by analyzing DICOM images during segmentation. The implicit body-to-mesh
conversion is then applied to generate an STL format file readable by 3D printing slic-
ing software.

2.2 3D Printing of PEEK

The CreatBot PEEK-300 FDM technology 3D printer was used to print PEEK. This
printer demonstrates excellent performance in printing super-performing materials. The
print volume is 300x300x400 mm. The maximum hot end temperature reaches up to
480 °C with dual extruders, while the platen can be heated up to 200 °C and the hot
chamber up to 120 °C, creating an efficient heat control system, especially for very
temperature-sensitive materials. In addition, there is triple thermal insulation and a lig-
uid cooling system. A notable feature is the Direct Annealing System, which is instantly
controllable during 3D printing of high-performance materials such as PEEK, PEKK,
medical grade PEEK-CF, and PEEK-GR. The optimal print speed is 55 mm/s, with a
maximum print speed of 180 mm/s.

For slicing, CreatWare, included with the 3D printer, was employed. Compatible
with both Windows and macOS, CreatWare processes STL, OBJ, AMF, and Gcode
files seamlessly.

The filament used is TreeD Filaments© PEEK Nat, renowned for its high perfor-
mance in 3D printing. Handling this material requires personal precautions, including
adequate ventilation to avoid inhalation of vapors or dust. Due to its moisture sensitiv-
ity, it is recommended to dry the filament at 120 °C for 6-8 hours before printing. With
a melting point of 345 °C, the suggested printing parameters are outlined in Table 1,
though actual parameters for this case study are detailed in the Results section.

Table 1. Suggested print sets for TreeD Filaments® PEEK Nat.

Suggested print sets Value

Extruder temperature 390 °C—-420 °C
Plate temperature 90 °C
Minimum nozzle diameter 0.4 mm

Fan 0%

Print speed 40 mm/s




3 Results

3.1 Design concept

A series of DICOM images of a femoral segment were segmented to differentiate bone
types (Figure 1). This segmentation process produced three 3D models: cortical
(194.410 nodes), trabecular (179.526 nodes), and medullary  (44.670 nodes) (Figure
2). To reduce file size, a section containing all three bone types was isolated, resulting
in a final mesh with 1.507 nodes (Figure 3).

Fig. 1. Process of segmentation of a femur segment from CT images.

¢

Fig. 2. The different meshes exported for each bone type: cortical (on the left), trabecular (in
the middle), and medullary (on the right).

Fig. 3. The three different meshes at the defined bone section.

The meshes are imported into a 3D modeling environment, converted to an implicit
body, and filled with gyroid infill. The software's block system manages the three
meshes simultaneously, applying unit cell sizes of 4 mm for the cortical zone, 8 mm for
the trabecular zone, and 16 mm for the medullary zone (Figure 4).

Fig. 4. 3D model of variable-density lattice structure.



3.2 3D Printing of PEEK

The 3D model, saved in STL format, was imported into slicing software to set the print-
ing parameters. The 3D printing parameters used are detailed in Table 2. The resulting
3D print, obtained after approximately 1 hour of fabrication, is shown in Figure 5.

Table 2. Effective print sets for TreeD Filaments® PEEK Nat.

Effective print sets Value
Layer height 0.2 mm
Extrusion width 0.4 mm
Extruder temperature 440 °C
Plate temperature 140 °C
Chamber temperature 100 °C
Fan 0%
Print speed 30 mm/s

Fig. 5. 3D printed PEEK model with a variable-density lattice structure.

4 Discussion and Conclusions

This study introduces a novel design-to-fabrication process for 3D-printed lattice struc-
tures using PEEK material, aimed to create geometrically analogous objects to human
bone tissue for potential use in patient-specific implants and grafts. This study presents
an initial fabrication approach for optimizing 3D printing parameters for PEEK, a high-
performance polymer widely used in medical applications due to its properties such as
stiffness, strength, biocompatibility, and antibacterial characteristics.

The results indicate promising outcomes, with the production of 3D-printed objects
featuring lattice structures of variable density that replicate the cortical and trabecular
zones of bone tissue. The process involves various software tools for medical image
segmentation, 3D model manipulation, and slicing for 3D printing. Precision is crucial
throughout the workflow, especially in image segmentation, to accurately identify dif-
ferent bone types. By utilizing medical images of an intact femur, the study explores
the feasibility of designing a lattice structure. For correcting defective bones, scaffold
modeling could be achieved by replicating the healthy opposite bone or through surface
generation. Nevertheless, further research is required to validate the effectiveness of
these methods. Future investigations should focus on determining optimal parameters
for lattice structures to more accurately replicate human bone structure. While this



study primarily focuses on optimizing 3D printing parameters for PEEK, subsequent
research should include dimensional and mechanical strength assessments to ensure
component durability and evaluate biocompatibility to potential osseointegration [20].
Although printing parameters depend on printer type and object specifications, the pa-
rameters used in this study were deemed optimal for the intended objects [21].

In conclusion, the utilization of lattice structures made from biomaterials marks a
significant advancement in implant treatments, offering potential improvements in ef-
ficacy, durability, and safety. Customized designs tailored to individual patient needs
are essential for enhancing treatment outcomes.
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