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Abstract
Fused Deposition Modeling (FDM) 3D printing technology has widespread in a variety of scientific fields, since
rapid prototyping and low-cost investments well meet flexibility of application.
Mechanical engineering is taking an essential role in Orthopaedics and Traumatology. As a patient-specific
approach and minimally invasive surgeries are progressively needed in today’s medical routines, highly-customized
3D printed devices and surgical instruments represent a milestone in medical equipment.
Virtual preoperatory planning and computer aided surgical simulations (CASS) enhance 3D visualization of human
anatomy, giving doctors full understanding of traumas and deformities. Custom cutting guides (CCGs) represent the
cutting edge of patient-dedicated surgical routines, allowing for a sensible reduction of operative time and risk of
human error. While maxillofacial surgery (MFS) has already adopted customized 3D printed tools, pediatric
orthopaedics (PO) and general long bones surgery strive to put these devices into common practice. Limitations to a
large-scale implementation rely on collaboration with the industrial world, as engineering and designing skills are
inevitably demanded. Here displayed is the prototype for a femoral cutting guide designed for a pediatric application
of the IOR – Rizzoli Orthopaedic Institute of Bologna. The device was printed in a High-Temperature PLA,
supporting common steam heat sterilization and maintaining designed geometry.
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1. Introduction

The rising diffusion of Fused Deposition Modeling (FDM) technology has rapidly widen 3D printing applications in
a broad range of scientific fields and engineering applications (Francia et al. 2018, Liverani et al. 2019, Frizziero et
al. 2019, Frizziero and Caligiana 2019). FDM technology is a versatile additive-manufacturing method: fast
prototyping is realized using thermoplastic filaments, which are heated to the melting point and then extruded, layer
by layer, to create a three-dimensional object. Relying on low-cost investments, open-source softwares and fast
printing processes, FDM technology is becoming an indissoluble part of Orthopaedics and Traumatology (Hammad
et al. 2015). Through Computer Aided Tomography – Computer Aided Design (CAT-CAD), tomographic
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acquisitions become realistic 3D CAD anatomical models; through Computer Aided Design – Computer Aided
Manufacturing (CAD-CAM), models are 3D printed in 1:1 scale (Frizziero and Papaleo 2020, Frizziero and
Napolitano 2020, Bockhorn et al. 2019). Through Computer-Aided Surgical Simulation (CASS), surgical precision
is enhanced, giving doctors a complete understanding of each specific anatomy. This is particularly useful in clinical
cases of complex deformity, which is defined as occurring in at least two anatomical planes. CASS has been found
helpful in advancing preoperative planning, improving surgical outcomes, reduce blood loss, instrumentation time
and extensive surgical exposure (Huang et al. 2019), (Shen et al. 2020), enhance doctor-patient communication
(Michalski et al. 2016) and support surgical training (Bae 2015).
Even though some research found that these technological possibilities are not always accessible due to economical
and time dissipation (Perica and Sun 2017), it is commonly observed that computer-aided surgical plannings are
successful in reducing operative time and lighten surgeon’s workload and stress. (Bockhorn et al. 2019, Hammad et
al. 2015).
The Customized Cutting Guide (CCG) is a surgical instrument capable of leading the sawblade inside the bone in
wedge-resection osteotomies. Current surgical practice does not include rigid tools maintaining pre-planned
geometry during the cut, enhancing the risk of inadequate surgical precision, infections and blood loss due to longer
operative time. Because osteotomies are commonly performed “freehand”, outcome quality mostly relies on
surgeon’s expertise. CCGs reduce complexity of surgeries, and younger less-experienced surgeons are able to
perform risky procedures. Even if extensive CCG applications are still being debated, medical literature firmly
acknowledges massive support given to surgical teaching and practice.
Here presented is the prototyping of a customized 3D printed orthopaedic femoral cutting guide designed for a
pediatric application of the IOR – Rizzoli Orthopaedic Institute of Bologna.

1.1 Objectives

To address an in-house low-cost 3D printed CCG prototyping methodology, striving for a relevant reduction of
operative time and potentially improving precision of surgical procedures. Preoperatory planning upgrades and
surgical simulations are here presented, prototypes of high-customized surgical tools design is reported. Informatic
procedures of CT scans conversion implies using several softwares to deal with each step of the process.

2. Literature Review

Feasibility of patient-specific cutting guides is highly investigated in medical literature. 3D anatomy reconstruction
and printing of surgical instruments is already part of current routines in maxillofacial surgery (MFS) (Hou et al.
2019, Mazzoni et al. 2015, Louvrier et al. 2017, Nysjö et al. 2017, Haas Junior et al. 2020, Scolozzi 2015, Gateno et
al. 2007). CCGs for pediatric orthopaedics applications are still far from being fully adopted. Long bones common
surgical procedures such as TKAs (Total Knee Arthroplasty) are already being performed with patient-specific
guides. In 2012, over 82000 CCGs for TKAs were put in use (Nam et al. 2015); CCGs for TKAs procedures reduce
operative time, number of fluoroscopy images taken and surgery learning curve (Jacquet et al. 2020). However,
numerous studies have failed to show improvements in surgical outcomes (Chareancholvanich et al. 2013) and
patient satisfaction (Nam et al. 2015) while others have noticed surgical progresses (Pérez-Mañanes et al. 2016).
It is clear that the medical world is still divided on assessing clear advantages compared to traditional procedures,
but is unanimously asserting that these devices produce a sensible reduction of operative and instrumentation time,
risk of infection and blood loss, therefore improving surgical accuracy. Miyake (Mijake et al. 2012) and Murase
(Murase et al. 2013) used medical-grade CCGs performing radio-ulnar surgery, showing good post-operative results
and surgical outcome. Medical-grade resin are printed with stereolithography (SLA) or PoliJet technology, with
extra metal sleeves meant to prevent damages under the action of the sawblade. Compared to FDM technology, SLA
printing process is expensive and dangerous, because of the toxicity of the resin and long post-processing
procedures. Yuan Z. Zhang et al. (Zhang et al. 2011) used a medical-grade resin SLA printed osteotomy template
reproducing the bony wedge, cutting the bone along the borderline of the template, using no rigid protection for the
sawblade.
In order to design CCG 3D printing process, sterilization method is the most important parameter to investigate.
CCGs are expected to maintain good mechanical properties and designed geometry. The most common and effective
sterilization method (Rogers 2012) is steam heat sterilization with aggressive heat cycles (134° for 45 min).
The majority of FDM polymers have lower glass transition temperature, and so are unable to withstand steam heat
sterilization. Acrylonitrile butadiene styrene (ABS), polyethylene terephthalate glycol (PETG) and simple polylactic
acid (PLA) significantly lose mechanical properties around 50°. ABS CCGs have been sterilized at 37° using
Ethylene Oxide (EtO) (Pérez-Mañanes R., 2016), which is a toxic gas and safety protocol requires up to 16h to
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complete air washing cycles. Simple PLA CCG (Arnal-Burró et al. 2017) and PA2200 (Nylon) CCG (Shi et al.
2018) were sterilized with EtO as well. Nylon fibers are 3D printed with a very expensive technology called
selective laser sintering (SLS). Gómez-Palomo JM (Gómez-Palomo JM, 2020) used hydrogen peroxide to sterilize
PETG printed CCG; this procedure is performed between 28° and 40° and overall time is up to 8h.
Because CCG designing inevitably requires designing and specialized 3D printing skills, CCGs large-scale adoption
for long bones surgeries is still confined in university hospitals and highly-specialized biomedical centers. Our
research aims to stimulate long bones CCGs applications by showing a low-cost 3D printing and prototyping
process.

2.1 Summary Paragraph:
•
•
•

MFS has already implemented CCGs and CASS procedures;
CCGs for long bones surgeries are still being investigated;
Material evolution from medical-grade resins to FDM polymers, due to material properties and cost of
process.

3. Methods
3.1 Case Study
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the
“Area Vasta Emilia Centro” Ethics Committee (CE-AVEC. Project identification code: 3D-MALF—
356/2018/Sper/IOR).
The patient presented a medical condition called bilateral coxa vara, corrected with closing-wedge osteotomy.
Following surgical indications, we calculated the Hilgenreiner epiphyseal angle (HEA) (Fig.1) which should not
exceed 16°. Positive increase of this value represents the opening angle of the bony wedge to remove in order to
perform a complete correction.
3.2 CAD-CAM and CAD-CAT
Digital Imaging and Communication in Medicine (DICOM) files acquired by CT machine were imported in
InVesalius v3.1 (CTI:Center for Information Technology “Renato Archer”,Campinas SAO,Brazil,2017). First step
of our workflow consisted in reproducing the 3D surface of the patient’s skeleton involved in the operation. Because
of the patient’s young age and peculiarity of proximal femur, which is a particularly spongy bone tissue, a really
careful study on imposed density range was necessary (Fig.2). 3D reconstructions of both proximal femurs and
pelvis were imported in Standard Triangulation Language (STL) format and processed through MeshLab v2016.12
(ISTI-CNR “Alessandro Faedo”,Pisa,Italy,2016) undergoing a process of cleaning and hollowing by subtracting the
bone marrow (Fig.3). This aspect was considered since the interior bony structure is not investigated in such surgical
plannings, and lighter meshes undergo a very much rapid modeling and 3D printing process. Final mesh corrections
were performed using another open source software, Meshmixer v2017 (Autodesk, San Rafael, CA, USA, 2017).
3.3 CAAS and CCG Design
We transferred anatomical measurements to the 3D model on Creo Parametric. We controlled geometric
measurements on the pelvis and femurs. 3D bone model presented 78° of varus deformity, so HEA = (78°-16°) =
62°. CCG domain of femoral surface was bounded and extruded so that the internal surface of the CCG would
perfectly represent the cortical bone negative (Fig.4a-4b). Slits and holes for steel pins were designed following
previous measurements. To perform tolerances control, both proximal femurs and cutting guide were 3D printed
(Fig.5a-5b-5c). We used a low-cost 3D printer (EZT3D model T1) and high-temperature poly-lactic acid (HTPLA).
Objects successfully withstood aggressive steam heat sterilization. Printing parameters are summarized in Table 1.
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Figure 1: Surgical procedure.

Figure 2: Reproduction of 3D surface on InVesalius. Custom density range was applied to select interested area.
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Figure 3: Mesh optimization on MeshLab.

Figure 4a-4b: CCG Design on Creo Parametric.

Fig. 5a-5b-5c: a) 3D Printed Femur; b) CCG top view; c) CCG on bone model, lateral view;
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Table 1: Printing parameters
Parameters
Nozzle temperature [°C]
Heated bed temperature [°C]
Printing speed [mm/s]
Extrusion width [mm]
Volumetric flow rate [mm/s]

Values
210
60
25-45
0.5 mm bigger than nozzle diameter
2-3

4. Data Collection

Preoperative computed tomographic data with a section width of 0.6–1 mm were accessed in a standard digital
imaging and communications in medicine (DICOM) format. Linear and angular measurements through Carestream
were performed on patient’s bidimensional diagnostic images, bony wedge angle of 67° was estimated. CCG design
was possible with Surfacing functions on Creo Parametric. Both proximal femurs and CCG were 3D printed in
HTPLA and steam heated at 134° for 45 minutes showing no molding or bending.

5. Results and Discussion

The study has not been green-lighted for use in medical procedures. The CCG here presented is a prototype and was
not used during the operation. However, doctors implemented a very extensive preoperatory planning that allowed
for a sensible reduction of operative and instrumentation time. The 1:1 scale 3D printed model permitted the
evaluation of surgical tools dimension. Furthermore, steam-heat sterilization was applied to the printed artifacts and
tolerances control between femur and CCG was carried out, showing no signs of bending or deformation.
Purpose of this paper is to show an informatic workflow allowing for rapid prototyping, extensive preoperatory
planning and surgical time reduction in an orthopaedic case of complex deformity. CCG applications represent an
appealing technology; however, several limitations hold back their diffusion. Capital costs and third-parties
involvement often stop a widespread acceptance of these technologies. Hospitals are forced to involve industrial
companies or high-specialized medical centers in preoperatory procedures, with increasing costs and time of
planning. Our research proposes an alternative low-cost in-house CASS and 3D printing methodology. HTPLA is a
PLA fiber with great thermomechanical properties and a relatively low-cost.
In order to compare current procedures, we summarized main aspects of CCG applications found in recent literature
in Table 2. Main aspects to consider in CCG design and employment are:
• In-house or outer production;
• Informatic procedure;
• 3D Printing material and technology;
• Sterilization method;
Table 2: Procedures comparison.
Ref.

Informatic Procedure

Material

Our procedure

Invesalius +
MeshLab
(Meshmixer) +
PTC Creo
Mimics +
Imageware
Bone Simulator (ORTHREE) +
Magics
Bone Viewer (ORTHREE) +
Bone Simulator (ORTHREE)

HTPLA

Arnal-Burrò et al. 2017

3D Printing
Technology
FDM

Medical-grade
resin
Resin

SLA

PLA

SLA/PoliJet

Orthoview+OsiriX+Meshmixer
Orthoview + Meshmixer

ABS
Acrylate resin

FDM
FDM

Shi et al. 2018

Mimics

Nylon

SLS

Nizam et al. 2018

*
OsiriX+Netfabb+Fusion 360

Nylon
PETG

SLS
FDM

Zhang et al. 2011
Miyake et al. 2012
Murase et al. 2013
Pérez-Mañanes et al. 2016

Gomez-Palomo 2020

SLA/PoliJet

*Unmentioned in paper.
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5.3 Proposed Improvements
•
•

•

Research and 3D modeling of soft tissues influence;
Randomized study on the use of non-weightbearing diagnostic images compared with weightbearing
images;
Technical and economical comparison between main 3D printing technologies and polymers;

6. Conclusion

We exposed a simple workflow on a series of open-source software (except for CCG designing with Creo
Surfacing), using low-cost material and rapid sterilization. HTPLA printed CCG was produced and sterilized
aggressively, maintaining its mechanical properties.
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