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Biomedical fracture fixation implants have complex sculp-
tured geometries to adapt perfectly to fractured bones,
making them difficult and expensive to manufacture with
conventional machining methods. Fused filament fabrication
(FFF) is a very popular Additive Manufacturing technology
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that simplifies the manufacture of parts with complex geome-
tries, making it ideal for the manufacture of customized
medical implants. The use of FFF-based new engineer-
ing biocompatible thermoplastic materials, such as PEEK
or 316L hybrid metal-polymer opens new possibilities for
the manufacture of patient-specific biomedical implants
using FFF technology. This study explored an innovative
technology for designing and manufacturing patientspe-
cific biomedical implants using standard computer-aided
technology (CAx), and FFF-based 316L stainless steel man-
ufacturing with subsequent debinding and sintering stages.
The goal was to establish a systematic workflow for the 3D
manufacturing of biomedical fracture fixation implants. The
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contribution was twofold, both in conceptual and procedural
terms. The proposed CAx workflow was successfully applied
to two veterinary case studies, which confirmed the suitabil-
ity of the customized biocompatible AISI 316L stainless steel
biomedical implants processed by FFF technique.

Introduction

Patient-specific implants mimic the anatomy of the defective
area in a patient; hence, they usually exhibit complex sculp-
tured surfaces. Customized fracture-fixation implants can be
produced by conventional manufacturing methods. However,
the machining of complex sculptured surfaces of customized
implants entails a high cost and is a time-consuming process.

Recently, additive manufacturing (AM) has made sig-
nificant advances in biomedicine with the design, develop-
ment, and fabrication of personalized medical implants—this
underscores the potential of AM [1]. For example, the AM
of customized porous Ti6Al4V scaffolds using selective
laser melting (SLM) has been successfully developed at
the Biofabrication Laboratory of Sichuan University [2] for
human and veterinary clinical studies [3, 4]. These 3D-
printed porous scaffolds are ideal for bone tissue engineering
for bone osteointegration [5, 6]. The AM of patient-specific
implants has become a well-established method that gives
results similar to those of conventional manufacturing pro-
cesses and materials [7].

The objective of this study is to assess an innovative work-
flow for the design and manufacturing of patient-specific
biomedical stainless-steel implants. The proposed workflow
integrates standard computer-aided technologies (CAx) with
fused filament fabrication (FFF) AM technology, with subse-
quent debinding and sintering stages. Moreover, the proposed
methodology can be applied to different metal AM technolo-
gies.

A commercially available Ultrafuse® stainless-steel 316L
metal-polymer filament supplied by BASF [8] was employed
to manufacture different implants with a low-cost 3D printer.
The topic of this study, relating to surgical implants and
guides, falls well within the five major areas of AM appli-
cations in the medical sector [9]. The advantages of the
FFF-based stainless-steel AM technique do not lie in the
enhancing of the mechanical performance of a material by
improving density levels, as is the case in other techniques,
but in providing a cost-effective method for manufacturing
near-dense metal implants with acceptable mechanical prop-
erties [10].

Thus, the proposed workflow is based on the following
CAx techniques: anatomical reconstruction (CAd), design
(3D CAD), mechanical and geometrical validation (CAE),
and manufacturing (CAM). The integration of CAx and

FFF-based AM technology has enabled the design of patient-
specific implants with complex sculptured geometries and a
high degree of flexibility. CAx and FFF-based AM technolo-
gies provide an ideal fit for customized implants, as well as
prevent injury and maximize patient comfort, which is one
of the needs that has been identified for AM prosthetic appli-
cations [11].

Proposed workflow via CAx and FFF

One of the main drawbacks in the design and manufacture of
patient-specific medical implants is that the whole process
is time consuming. However, the process has been reduced,
through recent research and innovation, to a few hours or
days rather than weeks [12], which is essential for carry-
ing out urgent medical interventions. Our proposed workflow
explores the use of computer-aided techniques (CAx) in con-
junction with FFF-based AM technology. CAx, extensively
used in the field of mechanical engineering [13], can signif-
icantly reduce design and product development time as well
as costs because CAx is capable of the real-time detection
and correction of design errors. Moreover, FFF-based AM
technology enables the manufacturing of products with com-
plex sculptured geometries with reduced production time and
costs due to lower material wastage.

The proposed workflow for the design and manufacture
of customized implants was divided into six steps, as shown
in Fig. 1:

e Step 1 Digital anatomical reconstruction of the fractured
bone via a computer-aided diagnosis (CAd) system.

e Step 2 Development of a patient-specific bio-designed
implant using computer-aided design (CAD 3D).

e Step 3 Mechanical validation using computer-aided engi-
neering (CAE) via finite element method (FEM) analysis.

e Step 4 Geometrical validation via rapid prototyping using
thermoplastic materials.

e Step 5 FFF of the metal implant using an AM computer-
aided manufacturing (CAM) system and finishing opera-
tions.

e Step 6 Surgical patient-specific prosthesis implant.

The proposed workflow was applied in two veterinary case
studies, i.e., a canine cranial plate, and alamb dorsal pantarsal
arthrodesis plate. This study focuses on steps 1, 2, and 5 that
concern the bio-design and manufacturing process.
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Anatomic reconstruction and implant design
Anatomic reconstruction via CAd

The design process of a patient-specific fracture fixation
begins with capturing the geometry and dimensions of the
fractured bone and the area where the implant is to be placed.
As direct measurements are not possible in medical appli-
cations, computer-aided diagnosis with a medical imaging
(CAd) system is required to utilize medical imaging tech-
niques to determine the anatomical geometry of the patient.

The CAd system combines a computed tomography (CT)
scan and reverse engineering for 3D anatomy reconstruc-
tion. The CT scan provides the geometry of the affected
part. As a result, a Digital Imaging and Communications
in Medicine (DICOM) file is obtained. Next, reverse engi-
neering generates a 3D virtual model of the affected bone

DICOM data

for use in computer-aided design. Thus, a point cloud of the
geometry is obtained, and the 3D model is represented as a
triangular-faced mesh, such as in a stereolithography (STL)
format, that lacks topological information. This data conver-
sion from DICOM to STL requires a process referred to as
image segmentation.

Thresholding is the most common technique used for
image segmentation [14] and to capture the bone structure
excluding the surrounding soft tissue. The medical images
contained in the DICOM files were stored in a grayscale
image. Thresholding technique segments an image by detect-
ing pixels with an intensity value within the user-selected
threshold range.

In this workflow, the computer-aided diagnosis CAd soft-
ware Materialise Mimics was used to convert the DICOM
data into a 3D STL virtual model of the affected bone that
was directly transferred to a computer-aided design system.

Implant

Step 1: CAd 4 Step 6:
Anatomical —™ --«———— Surgical
reconstruction y Patient-specific implant implant

3D bone model

development
workflow

Implant redesign

3D printed metal
customized implant

1 Step 5: CAM
- FFF Ultrafuse

Step 2: CAD 3D -t
Implant design 4

| * 316L and
finishing operations

Y

3D implant model

FEM analysis

Y

Thermoplastic prototype

Step 3: CAE
Mechanical validation

Fig. 1 Workflow diagram depicting the implant development process
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For global thresholding, Mimics offers standard, predefined
threshold ranges for individual tissue identification. More-
over, Mimics enables the local threshold range to be selected
manually in a graphical way.

Image segmentation involves the global thresholding of
a DICOM file. First, the DICOM file was imported from
Mimics. Next, the digital images were segmented using the
standard, predefined threshold range “Compact Bone”. This
method effectively yielded a 3D polygon model. However,
all the bones were segmented together in only one group
rather than individually or by blocks, making it difficult to
prototype the model and modify it later.

As accurate segmentation of complex anatomical regions
often requires manual segmentation, a local threshold was
generated by defining various threshold ranges for different
parts of the image. In Mimics, this process was performed
with the function “profile line”, where the user draws a line
crossing the region to be segmented. The threshold range
was defined with maximum and minimum values contained
within the drawn line. This process was more complex than
automated global segmentation, but the reconstructed models
were faithful to the anatomy of the affected bone. Moreover,
a segmentation by blocks was generated, which allowed for
subsequent modifications in the design process of the fixation
implant. Finally, the DICOM to STL conversion was per-
formed before it was later imported into a CAD 3D system.

Patient-specific implant design via CAD 3D

The most important component of computer-aided diag-
nosis (CAd) is the obtaining of an accurate capturing of
bone structures. However, this precision is useless if it is
not employed to design a precise patient-specific fracture-
fixation implant. Computer-aided design systems provide
tools such as non-uniform rational B-splines (NURBS) [15]
capable of dealing with this complexity. NURBS provides
the flexibility required to design implants fully adapted to a
patient’s geometry.

As result of the anatomic reconstruction, a 3D STL model
was obtained that was represented as a triangular-faced
mesh. Out of the many commercial programs on the market,
Rhino3D was chosen for its versatility. Rhino3D is a com-
mercial NURBS-based CAD 3D package that also admits and
supports point clouds and polygon meshes, which makes it
a fundamental tool for combining computer-aided diagnosis
(CAd) with computer-aided design (CAD 3D).

The implant design began by the importing of the STL
anatomical model into Rhino3D. Following the indications
of the medical staff, the reconstructed model was modified
in order to place the fractured bones into their proper posi-
tions. To perform this modification, the model had to have
the necessary degrees of freedom, which was achieved by
computing local segmentation by blocks.

First, a 3D geometry of the fixation implant was extracted
from the surface of the bone reconstruction model. Next, a
final design of the patient-specific implant was generated,
taking into account parameters directly affecting the dimen-
sions of the fixation implant, such as number, size, position,
and orientation of the screw holes.

FFF of metal implants using the AM system

The implant was manufactured after validating the design
of the implant with the CAE analysis and prototyping
phase (steps 3 and 4). This workflow permitted the man-
ufacturing of customized metal implants with a low-cost,
dual-extruder FFF 3D printer, and commercially available
BASF Ultrafuse® 316L metal-polymer composite filament
[8]. In this step, Ultimaker Cura [16] was used as the additive
manufacturing CAM software. Optimal FFF process parame-
ters were selected to improve mechanical performance in the
vertical direction [17]. The metal implant obtained from the
FFF 3D printer, denoted as the green part, was post-processed
using commercially available BASF catalytic debinding and
sintering stages [18].

The mechanical performance of the fixation implants
depended on the AM build orientation. The optimum ori-
entation of specific patient implants was found to be in the
flat or on-edge orientation as the main loading direction was
parallel to the build layers, which agrees with the observa-
tions of other authors [19].

The FFF-based manufacturing process associated with the
debinding and sintering stages resulted in anisotropic shrink-
age. For this reason, the filament manufacturer recommends
using three different oversizing factors (OSF) for each of the
main directions of the part [8]: OSFx = OSFy = 1.20 and
OSFz = 1.25.

In order to manufacture more precise parts, the crucial
importance to patient-specific medical implants of the mea-
surement of the shrinkage of 3D-printed 316L stainless-steel
sintered parts, has been shown in a previous study [10]. The
obtained results reveal an average anisotropic shrinkage of
18% on the X- or Y-axis, and 21% on the Z-axis.

Finally, the post-processing stage involved surface grind-
ing and electro-polishing of the as-built patient-specific
implants in order to reduce the number of surface defects.

Veterinary case studies

Two veterinary cases of customized implants manufactured
using FFF were assessed. Both clinical veterinary case stud-
ies were carried out in collaboration with the Veterinary
Hospital of Ciudad Real (Spain).
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Fig.2 FFF of the 316L stainless-steel canine cranial plate: a—d design and validation, and e 3D-printed metal cranial plate. f Detail of the fixing

hole direction

Canine cranial implant

The first case study involved a cranial implant in a poodle
following an accidental fall. After examination, the animal
was diagnosed with a fractured and collapsed skull and severe
brain trauma. As repositioning of the bone fragments into the
correct place was not possible, the veterinary team decided to
place a customized cranial plate adapted to the shape of the
skull. In this study, a canine cranial implant was manufac-
tured with the FFF technique in order to reduce fabrication
costs.

The design and manufacture of a customized canine cra-
nial implant began with the anatomical reconstruction of the
fractured bones (Fig. 2a). As this type of implant was neither
designed to fix any joints, nor to be subjected to great stresses
throughout its useful life—except for occasional impacts, the
final design was simplified (Fig. 2b) in the following way:

@ Springer

1. Design of the central area using a mesh structure to obtain
a lightweight structure and to save manufacturing costs,
which was possible due to the flexibility of the FFF pro-
cess.

2. Fixation of the plate with four 2-mm-diameter screws,
the minimum number of screws recommended [20].

Next, two polylactic acid (PLA) prototypes of the plate
and a cranial model (Fig. 2c) were manufactured in step 4 for
geometric validation purposes (Fig. 2d). Finally, the cranial
plate was additively manufactured (Fig. 2e). In accordance
with the guidelines of the veterinary team, the fixing holes
were drilled perpendicular to the tangent plane at the center
C of the holes of the implant surface (see detail in Fig. 2f).
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Fig.3 FFF of a 316L-stainless-steel arthrodesis plate: a—c design and validation and d 3D-printed metal arthrodesis plate

Dorsal pantarsal arthrodesis plate

The second case study involved the fabrication of a dorsal
pantarsal arthrodesis plate with the goal of repairing a rupture
of the gastrocnemius tendon in a lamb. Due to the anatomical
differences in limb bone structures between dogs and lambs,
a standard-size implant could produce bone fractures in the
affected limb. Moreover, the reshaping of a fixation plate
could be inefficient and inaccurate [21].

Moreover, the commercial dog implant required screws
too large for the bone structure of a lamb. To overcome
these hurdles, veterinary cuttable plates (VCPs) for pantarsal
arthrodesis in cats were employed [22], as a VCP could be
easily adapted to the anatomy of a lamb. As VCPs are rela-
tively weak in flexural strength, they are recommended for
dorsal plating where the plate is positioned on the compres-
sion side of the joint. Thus, the veterinary team decided to

use a customized dorsal pantarsal arthrodesis plate adapted
to the limb.

In step 1, in order to provide the necessary degrees of free-
dom to modify the bones of the limb to achieve the proper
angle, local segmentation in three blocks was performed
(Fig. 3a). In the case of the dorsal plate, the implant had
to be fixed to the tibia, talus, calcaneus, and tarsus. Screw
position and orientation were decided by the veterinary
team in order to reduce the risk of screw cut-out [21]. The
customized dorsal pantarsal arthrodesis plate was designed
taking these factors into account (Fig. 3b).

As this type of plate is usually subjected to biomechan-
ical stresses, its mechanical behavior was analyzed (step
3) via FEM prior to the manufacturing stage. Mechani-
cal validation via FEM was performed using experimental
results previously obtained by the authors [10]. The average
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mechanical strength and stiffness values were used to sim-
ulate the mechanical performance of the implant via FEM.
Moreover, in order to validate the final design of the plate and
plan the surgical procedure according to step 4, a prototype
of the plate was manufactured. Figure 3c shows the result of
the mechanical and geometrical validation. Finally, the cus-
tomized arthrodesis plate was manufactured after applying
the FFF-based process combined with debinding and sinter-
ing described in step 5 (Fig. 3d). Figure 3 shows an X-ray
image showing the plate in the correct position, and the plate
adapting perfectly to the bone structure.

Conclusions

We assessed the integration of FFF technology into a CAx
workflow with the aim of reducing the manufacturing costs
and time of patient-specific fracture fixation implants. FFF
combined with debinding and sintering offers a cost-effective
technology for the manufacturing of metal parts. Moreover,
CAx reduces design time and in turn patient-specific develop-
ment time and costs. The workflow in this study enabled the
manufacture of customized metal implants with a low-cost,
FFF 3D printer, and commercial Ultrafuse® 316L stainless-
steel/polymer composite filament. The precision of the entire
AM process, including FFF printing, debinding, and sinter-
ing stages, is superior in precision to anatomic reconstruction
via CAd. Hence, the precision of the AM process is not a lim-
iting factor in the manufacture of patient-specific implants.

This innovative method was applied to two veterinary case
studies. The results of this study corroborated the feasibil-
ity and potential of FFF technology for the manufacture of
patient-specific biomedical implants.
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